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CHAPTER 1. GENERAL INTRODUCTION 
Despite the economic and environmental advantages of no-tillage production, 
adoption of no-tillage systems has been slow in Iowa. One problem is that there are no 
extension recommendations for Iowa soybean producers on how to handle no-tillage 
practices and how recommendations in this system deviate from conventional tillage. This 
thesis is part of a larger project aimed at developing management recommendations for 
soybean production using no-tillage practices across Iowa. The role of this thesis work was to 
evaluate the use of Bradyrhizobium japonicum inoculants and fungicide and fungicide + 
insecticide seed treatments in a no-tillage soybean production system compared to a 
conventional tillage system in Iowa. Chapter two is a literature review. The research reported 
in this thesis is divided into three manuscripts encompassing chapters three, four, and five. 
Chapter three addresses the effect of seed treatments and B. japonicum inoculants in 
no-tillage and conventional tillage systems across Iowa. Switching from conventional tillage 
to no-tillage systems can have a large effect on the soil environment through changes in soil 
moisture, temperature, and structure. These changes may affect the performance of seed 
treatments and inoculants. No-tillage systems have cooler, wetter early-season conditions 
compared to conventional tillage, which slows soybean growth and favors damping-off 
pathogens. Previously, there have not been any published studies on the interaction between 
tillage systems and seed treatments or inoculants in Iowa. 
Chapter four evaluates the use of seed treatments with various seeding rates in 
conventional and no-tillage systems. Knowledge of seed treatment performance with various 
seeding rates in the two tillage systems could be useful in reducing seeding rates to offset the 
rising cost of seed. Because wet, cool conditions favor damping-off pathogens, we 
hypothesize that seed treatment will be more beneficial for preserving plant density in the no-
tillage system. No information exists on the interaction of seed treatment, seeding rate, and 
tillage system in the scientific literature. 
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The fifth and final chapter examines the patented growth enhancing effect from the 
insecticide seed treatment, thiamethoxam, and whether this product could counteract slow 
early-season soybean growth observed in no-tillage systems. Our specific objective was to 
characterize the effect of thiamethoxam on soybean growth and development, evaluate this 
growth promoting effect in a no-tillage system, and examine soybean growth and 
development changes with thiamethoxam under differing degrees of water deficit in a 
greenhouse environment. To our knowledge, this is the first study to examine potential 
enhancements to soybean growth and development from thiamethoxam seed treatment. 
The three manuscripts contained in this thesis collectively serve to explore the value 
of seed treatments and inoculants in no-tillage and conventional tillage systems. This thesis 
provides information that I trust will be instrumental in constructing recommendations for 
Iowa soybean producers using no-tillage practices. It is my hope that this information will 
leave soybean producers more informed on the role of seed treatments in no-tillage systems 
and better equipped to make management decisions. 
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CHAPTER 2. LITERATURE REVIEW 
The no-tillage production system 
Effect of no-tillage on physical soil properties 
Soil structure. Water-stable aggregates are important for minimizing crusting and 
erosion while maximizing water and air entry into the soil (Kladivko et al., 1986). No-tillage 
practices have been reported to enhance soil aggregation, leading to a greater percentage of 
mesopores and pore continuity (Diaz-Zorita et al., 2004; Kladivko et al., 1986; Mahboubi 
and Lal, 1998). Mahboubi and Lal (1998) found that average aggregation in no-tillage 
systems was 60% higher than in moldboard plow systems after 28 years of continuous corn 
(Zea mays L.), and suggested that the favorable effects of no-tillage systems on soil structural 
properties may be due to higher activity of earthworms and more microbial biomass. Dao 
(1992) and Dick et al. (1991) found that the use of a no-tillage system caused the buildup of 
an elaborate channel structure with a wide range of capillaries and pore sizes. In continuous 
no-tillage systems, small soil aggregates with smaller intra-aggregate pore sizes favor water 
storage and lead to greater soil water conservation (Diaz-Zorita et al., 2004). Many studies 
have also found that the structural benefits found under continuous no-tillage disappear with 
tillage (Diaz-Zorita et al., 2004; Karunatilake et al., 2000). 
Bulk density. Soil compaction is a concern in no-tillage because tillage is often used 
to reduce compaction (Sidhu and Duiker, 2006). Negative effects of compaction on plant 
growth (Nevens and Reheul, 2003), soil physical properties (Botta et al., 2006), and corn 
yields (Lal, 1996) have been reported in no-tillage systems. Surface compaction can be 
alleviated by freezing-thawing and wetting-drying cycles, biological activity, and tillage 
(Voorhees, 1983). Vyn and Raimbault (1993) found higher bulk densities and penetration 
resistance in no-tillage than conventional tillage systems, and concluded that this can 
adversely affect root growth and plant performance. Contrarily, long-term use of no-tillage 
results in increased surface organic matter contents, more stabile soil structure, and increased 
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hydraulic conductivity due to wormholes and other pores (Dick et al., 1991; Mahboubi et al., 
1993). Dao (1992) and Lal et al. (1994) reported higher bulk densities for moldboard plowed 
soil than no-tillage soil in long-term studies. This was attributed to enhanced earthworm 
activity which decreased bulk density in the no-tillage system compared to the moldboard 
plowed system. Dao (1992) concluded that bulk density is lower soon after tillage is done, 
but increases with time due to settling of soil, soil deformation from wetting and drying, the 
impact of raindrops, and the disintegration of soil aggregates. Sidhu and Duiker (2006) found 
that in continuous no-tillage, the adverse affects of compaction on crop yield can be expected 
to disappear one year after compaction without tillage when compaction is not repeated. 
Soil temperature and moisture. In no-tillage systems, crop residue left on the 
surface causes cooler, wetter soils than in conventional tillage systems (Al-Darby and 
Lowery, 1987; Fortin, 1993; Kladivko et al., 1986; Norwood, 1994; Philbrook et al., 1991). 
Soil is cooler and wetter yet when planting into corn residue, as corn produces more residue 
than soybean (Johnson and Lowery, 1985; West et al., 1996). Increased surface residue 
distribution, soil organic matter, aggregate size distribution, aggregate stability, and 
decreased surface roughness are all factors that increase water infiltration in no-tillage 
systems (Unger, 1992). This is an advantage, as more moisture is available for crop growth 
(Diaz-Zorita et al., 2004; Norwood, 1994). Johnson and Lowery (1985) showed no-tillage 
soil reached the minimum soil temperature for corn germination of 10°C ten days later than a 
moldboard-plow system. Kladivko et al. (1986) found up to 8°C lower maximum daily 
temperatures in the surface 4 cm four weeks after planting, when comparing a no-tillage 
system with a moldboard-plow system. The cooler, wetter soils in no-tillage are responsible 
for reduced soybean emergence and early-season growth (Yusuf, 1999). However, the 
increased soil moisture can increase root activity in drier periods (Al-Darby and Lowery, 
1987; Fortin, 1993).  
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No-tillage performance on poorly-drained soils. No-tillage systems do not perform 
as well as conventional tillage on poorly-drained soils, as this exacerbates problems with soil 
and pest management due to wetness and leads to delays in soybean growth and development 
(McIsaac et al., 1990; West et al., 1996; Yin and Al-Kaisi, 2004). In these environments, 
wetness and compaction problems have been found to cause greater runoff volume for no-
tillage than tilled plots (Bundy et al., 2001; Mickelson et al., 2001a; Myers et al., 1995). This 
is related to soils being saturated earlier in the spring and remaining wet for a longer period 
of time (Myers et al., 1995; Zeimen et al., 2006). Soybean yields in no-tillage are often lower 
than conventional tillage on poorly-drained soils (Defelice et al., 2006; Dick and Van Doren, 
1985; McIssac et al., 1990; Yin and Al-Kaisi, 2004). Kladivko et al. (1986) reported that 
aggregation improved on poorly-drained, high organic matter soils by the third year of no-
tillage production. Dick et al. (1991) found that the negative effect of poorly-drained soils on 
soybean yield as compared to conventional tillage decreased each year of study. 
Soybean growth and development in a no-tillage system 
Early planting is important to achieve high soybean yields mainly because of 
increased biomass accumulation and node production prior to flowering (Pedersen and Lauer, 
2003b). However, this represents a challenge in no-tillage systems because of cooler, wetter 
soils than in conventional tillage systems (Fortin, 1993). These conditions result in slower 
soybean germination, emergence, and early growth (Yusuf et al., 1999), but does not 
necessarily affect yield, unless stands are decreased to the point in which yield loss occurs 
(Carpenter and Board, 1997). Yusuf et al. (1999) found that soybean plants grown in a no-
tillage system were visually smaller and produced less biomass early in the season compared 
with a conventional tillage system. However, Yusuf et al. (1999) reported the disadvantage 
for no-tillage disappeared by the R6 growth stage (Fehr and Caviness, 1977) due to 
compensatory growth, and there was no difference in yield. Singer et al. (2008) also observed 
compensatory soybean growth during the season that minimized differences in yield.  
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Barber (1971) and Karunatilake et al. (2000) found that corn grown in conventional 
tillage system had more roots deeper in the soil that were longer and thinner than in a no-
tillage system, which had less roots that were larger in diameter. West et al. (1996) observed 
poor soybean yields in a no-tillage system during some drought years, which were attributed 
to delayed plant deep rooting and subsequent inability to reach moisture lower in the soil 
profile. Iijima et al. (2007) found that greater mechanical impedance to soybean roots in no-
tillage caused roots to accumulate in the surface layer of a clay soil. This caused plants to be 
dependent on irrigation during drought (Iijima et al., 2007). In contrast, Turman et al. (1995) 
reported that tillage did not affect soybean rooting depth on a silt loam soil in Missouri. 
Seedling pathogens of soybean in a no-tillage system 
 No-tillage can affect certain seedling pathogens by reducing soil temperature, 
increasing soil moisture, and leaving soil and residue undisturbed (Bockus and Shroyer, 
1998). Baird et al. (1997) documented the survival of numerous pathogens of soybean, corn, 
and wheat (Triticum aestivum L.) in surface residues. The slower germination and emergence 
of soybean in a cool, wet environment is also ideal for infection of seeds and seedlings by 
damping-off pathogens such as Phytophthora sojae and Pythium spp. (Hartman et al., 1999; 
Thomson et al., 1971; Vasilas et al., 1988). Increased incidence in no-tillage fields has been 
reported for P. sojae (Workneh et al., 1998; 1999a; 1999b) and Pythium spp. (Cook and 
Haglund, 1991; Cook et al., 1990; Pankhurst et al., 1995). In addition, Workneh et al. (1998) 
found that the lack of soil inversion via tillage in no-tillage systems leads to the presence of 
P. sojae in a greater abundance near the soil surface, increasing the potential for disease. 
Dick and Van Doren (1985) reported decreased soybean yield with no-tillage on a poorly-
drained soil, but that differences between tillage systems were eliminated when a cultivar 
with P. sojae resistance was used. Vasillas et al. (1988) reported P. sojae damage reduced 
plant density by 44% compared to the moldboard-plow system. Pythium spp. may become a 
larger problem than P. sojae when using early planting and no-tillage practices, since most 
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Pythium spp. are favored by cooler temperatures than P. sojae (Hartman et al., 1999; Thomas 
et al., 1971). Recent work has confirmed greater incidence of Pythium spp. than P. sojae in 
early planted fields (Murillo-Williams and Pedersen, 2008). Fusarium spp. are also favored 
by saturated conditions and temperatures as low as 14°C (Hartman et al., 1999). Baird et al. 
(1997) reported survival of F. graminearum and several other Fusarium spp. on surface 
residue. Although infection from Rhizoctonia is favored by a lack of soil disruption (Bockus 
and Shroyer, 1998), the cooler, wetter soils observed in no-tillage systems are not conducive 
to Rhizoctonia, which thrives under warmer temperatures and well-aerated soil (Kousik et al., 
1995; Liu and Sinclair, 1991).  
Arthropod pests under no-tillage 
The major defoliating pest of soybeans in Iowa, the bean leaf beetle (Certoma 
trifurcata), overwinters mostly in crop residue of soybean fields (20%) and leaf litter of 
woodlands (80%) to buffer themselves from cold winter temperatures (Lam and Pedigo, 
2000a). While no-tillage increases the amount of residue that can be used for overwintering 
sites, Lam and Pedigo (2000a) determined that the major factor having a limiting effect on 
bean leaf beetle populations in Iowa was winter temperature. In Georgia, Buntin et al. (1995) 
concluded that tillage practices and herbicide use regimes had little consistent effect on 
populations of foliage-inhabiting arthropods and their damage to soybean. During the three 
year study, tillage did not affect bean leaf beetle numbers any year (Buntin et al., 1995). 
However, Halaj et al. (2000) observed that tillage reduced the abundance of arachnid 
predators. Topping and Sunderland (1994) also found that tillage reduced spider populations 
in wheat. 
Environmental impact of no-tillage 
 Wind and water erosion in conventional tillage systems is a national problem that 
threatens soil productivity (Bockus and Shroyer, 1998). Weesies et al. (1994) reported corn 
yield losses of 9-18% and soybean losses of 17-24% when comparing severely eroded sites 
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with slightly eroded sites over a 10 year period. Conventional tillage has been shown to have 
as much as 30 times greater sediment loss than conservation tillage systems, with the 
beneficial effects of residue on the surface being maximized on steeper slopes (Blevins et al., 
1990; Kimmell et al., 2001). Eroded sediment can also carry bound nutrients and pesticides 
to surface water (Zeimen et al., 2006). Nutrient pollution of lakes and streams promotes weed 
and algae growth, depleting dissolved oxygen levels and leading to odors, fish kills, and 
degradation of the aesthetic and recreational value of the environment (Bundy et al., 2001). 
Crop residue left on the soil surface combined with aggregation slows runoff water and 
improves infiltration, leading to a reduction in erosion and runoff (Mickelson et al., 2001b; 
Sauer and Daniel, 1987; Seta et al., 1993; Siemens and Oschwald, 1978). However, on high 
clay soils with poor drainage, wetness and compaction problems can cause greater runoff 
volume for no-tillage than conventional tillage systems (Bundy et al., 2001; Mickelson et al., 
2001a; Myers et al., 1995). 
Yield comparison of no-tillage and conventional tillage 
 Well-drained soils, crop rotation, and more southern latitudes favor no-tillage 
production compared to poorly-drained soils, continuous cropping and northern latitudes 
(Griffith and Wollenhaupt, 1994). In a review of studies in the U.S. and Canada, DeFelice et 
al. (2006) concluded that the national average difference in corn and soybean yield was 
negligible between no-tillage and conventional tillage systems, but detected regional 
differences. No-tillage tended to have greater yields in the Southern and Western U.S. due to 
enhanced water conservation in no-tillage, lower yields in the Northern U.S. and Canada due 
to cool, wet spring conditions unfavorable for no-tillage, and similar yields in the Central 
U.S. (Defelice et al., 2006). Many studies demonstrate that soybean yields can be maintained 
or even increased with no-tillage systems on well-drained soils (Defelice et al., 2006; 
Elmore, 1987; 1990; Lueschen et al., 1992; Pedersen and Lauer, 2003a; 2003b; Singer et al., 
2008; Yin and Al-Kaisi, 2004). On poorly drained soils, soybean yield is often lower in no-
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tillage than conventional tillage (Defelice et al., 2006; Dick and Van Doren, 1985; McIssac et 
al., 1990; Yin and Al-Kaisi, 2004). Yin and Al-Kaisi (2004) reported a 0.15-0.19 Mg ha-1 
disadvantage of no-tillage production over moldboard-plow on well-drained soils, and a 0.24 
Mg ha-1 disadvantage on a poorly-drained soil. Temperly and Borges (2006) reported that the 
no-tillage system produced greater soybean yield than conventional tillage in all their 
rotations except continuous soybean. The yield performance of no-tillage also improves in a 
corn-soybean rotation with long-term use, regardless of soil drainage (Dick et al., 1991; 
Kladivko et al., 1986; West et al., 1996). Singer et al. (2008) found that the soybean yield 
performance of no-tillage compared to other tillage systems varied by year, with years that 
had lower yield potential favoring no-tillage. 
Economics of no-tillage production 
 No-tillage systems offer many potential economic benefits to producers.  Because no-
tillage requires fewer, more punctual passes through a field, the result is substantial savings 
in machinery, labor, and fuel, leading to economic returns equal to or greater than other 
tillage systems (Chase and Duffy, 1991; Yin and Al-Kaisi, 2004). Yin and Al-Kaisi (2004) 
found that no-tillage systems usually has a total soybean production cost of $30 to $40 ha-1 
yr-1 less than moldboard plow soybean production on well-drained soils. However, Yin and 
Al-Kaisi (2004) reported lower economic returns for no-tillage on a poorly-drained soil due 
to lower soybean yield. Yin and Al-Kaisi (2004) also reported economic advantages of no-
tillage over moldboard plow of about $6 to $8 ha-1 for labor at $8 per hour and $30 to $45 ha-
1 for machinery and fuel costs, but a disadvantage of about $10 ha-1 for herbicides. When 
compared to chisel plow systems, no-tillage systems consistently produced statistically 
identical yields and economic returns at all locations in the study, except at the poorly-
drained site which did not include a chisel plow system (Yin and Al-Kaisi, 2004). Yin and 
Al-Kaisi (2004) concluded that economic returns were favorable for the adoption of both 
short- and long-term no-tillage soybean production on well-drained soils in Iowa. 
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Damping-off pathogens and their management under a no-tillage system 
Major seedling disease pathogens in Iowa 
Although losses vary by year, Wrather and Koenning (2006) reported that seedling 
diseases reduced U.S. soybean yield by 2.4 million metric tonnes from 2003 to 2005, 
accounting for the 3rd greatest yield suppressing soybean disease. In Iowa, species of 
Pythium, Phytophthora sojae, and Rhizoctonia solani are the major causes of seedling 
disease, with Fusarium species isolated at a lower frequency (Rizvi and Yang, 1996). Rizvi 
and Yang (1996) reported that most surveyed fields had two or more pathogens isolated from 
diseased seedlings, with one pathogen often being dominant. 
Phytophthora sojae. Phytophthora root rot, caused by Phytophthora sojae, can occur 
at any stage of development and can cause pre- and post-emergence damping-off (Hartman et 
al., 1999; Schmitthenner, 1985). There are at least 55 described races of P. sojae, with many 
virulent types that do not yet have a race designation (Dorrance et al., 2003b). Damping-off 
from P. sojae is characterized by rotted seed or light to dark brown, flaccid taproots of 
soybean seedlings (Schmitthenner, 1985). On older seedlings, stems of seedlings have a 
brown, girdling rot that appears water-soaked, leaves may turn yellow, and the plant wilts 
and dies (Hartman et al., 1999; Schmitthenner, 1985). A reduction in harvest plant density is 
the major factor in reduced yields from P. sojae (Moots et al., 1998; Tooley and Grau, 1984). 
Although plant death is avoided with use of tolerant cultivars, P. sojae may still cause 
stunting, rot of the secondary roots, discoloration of the taproot, and yield losses up to 40% 
(Hartman et al., 1999).  
The fungus overwinters as oospores that can persist in the soil for years without the 
host (Hartman et al., 1999). Soil moisture is a critical factor affecting Phytophthora root rot 
(Dirks et al., 1980; Kittle and Gray, 1979). Flooded or saturated conditions are needed for 
zoospore production and motility, which leads to subsequent infection (Hartman et al., 1999). 
Factors that increase soil moisture content favor P. sojae, such as fine soil textures (Dorrance 
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and McClure, 2001; Workneh et al., 1999b), soil compaction (Gray and Pope, 1986), and no-
tillage practices (Dick and Van Doren, 1985; Workneh et al., 1998; 1999a; 1999b). Due to 
lack of soil inversion by tillage, P. sojae is also more abundant near the soil surface in no-
tillage, potentially increasing the risk of damping-off (Workneh et al., 1998). In a regional 
survey, Workneh et al. (1999a) reported that recovery of P. sojae was greater in 
conservation-tillage fields than conventional tillage in Illinois, Minnesota, Missouri, and 
Ohio, but was not significantly greater in Iowa. P. sojae has been reported to reduce plant 
density up to 44% under no-tillage compared to a moldboard-plow system (Vasillas et al., 
1988). Because seedling disease from P. sojae is favored by a greater soil temperature than 
several species of Pythium spp. (Hartman et al., 1999; Thomson et al., 1971), earlier planted 
fields have greater incidence of Pythium spp. than P. sojae (Murillo-Williams and Pedersen, 
2008).  
Management of P. sojae relies on race-specific genetic resistance (Rps genes) and 
partial resistance (also referred to as field tolerance) which is not race-specific and enables 
survival of infection by restricting pathogen colonization of plant tissue (Malvick and 
Grunden, 2004; Schmitthenner, 1985). Ranathunge et al. (2008) found that a partially 
resistant cultivar had increased suberin production in roots, which slowed P. sojae infection 
and gave the plant more time to establish chemical defenses. Recent studies recommend an 
emphasis on partial resistance, because race-specific resistance has increased the diversity of 
P. sojae races that can defeat race-specific resistance genes (Dorrance et al., 2003b; Kaitany 
et al., 2001; Malvick and Grunden, 2004; Nelson et al., 2008; Yang et al., 1996). Dick and 
Van Doren (1985) found that growing a partially-resistant cultivar increased soybean yield in 
a no-tillage system on poorly-drained soils, so that it was similar to the moldboard-plow 
system. Improving soil drainage with tiling is another effective way to reduce problems with 
P. sojae (Schmitthenner, 1985). Fungicides applied by soil drench or seed treatment can also 
effectively manage P. sojae (Dorrance and McClure, 2001; Papavizas et al., 1979; Rehm and 
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Stienstra, 1993). It has been demonstrated that cultivars with partial resistance would benefit 
from a fungicide seed treatment because of the susceptibility of the seed to damping-off prior 
to emergence (Dorrance and McClure, 2001). Incidence of P. sojae can also be increased by 
SCN and nutrient stress (Kaitany et al., 2000). Murillo-Williams and Pedersen (2008) found 
that cultivars resistant to SCN had reduced incidence of P. sojae and Pythium infection. 
Pythium spp. Species of Pythium can cause damping-off and root rot in soybean 
(Schlub and Lockwood, 1981) and many other crop species (Brantner and Windels, 1998; 
Cook and Zhang, 1985; White et al., 1988). There are many species of Pythium that infect 
soybean, each having different requirements of temperature for growth, germination, and 
infection (Hartman et al., 1999). Studies in Iowa have isolated several species, including P. 
aphanidermatum, P. irregulare, P. myriotylum, P. paroecandrum, P. sporaniiferum, P. 
spinosum, P. sylvaticum, P. tortulosum, and P. ultimum (Rizvi and Yang, 1996; Zhang and 
Yang, 2000; Zhang et al., 1998). Pythium spp. also have a range of pathogenicity and 
aggressiveness on corn and soybeans when tested in pathogenicity tests (Dorrance et al., 
2004; Zhang and Yang, 2000). While Pythium spp. can cause disease individually, they 
typically exist as a complex on soybean (Rizvi and Yang, 1996). Pre-emergence damping-off 
from Pythium spp. is characterized by soft, rotted seed and seedlings with a short, discolored 
root that fail to emerge (Hartman et al., 1999). Post-emergence symptoms include swollen 
hypocotyls, lesions at the junction of the hypocotyl and primary root, curling growth, and 
reddish cotyledons (Schlub and Lockwood, 1981). Under mild infection, root tips have small 
necrotic lesions, and plants can often compensate with secondary roots (Hartman et al., 
1999). When severe infection occurs, root tips are destroyed and lesions are visible in the tap 
root, which causes stunting and chlorosis (Hartman et al., 1999). While species with low 
levels of pathogenicity may not be able to reduce germination or plant stands by themselves, 
they can cause lesions on root tips, reduce root size and function, and provide an infection 
court for other pathogens (Broders et al., 2007a). Pythium spp. are not lethal to plants in 
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advanced vegetative stages (Martin, 2003), although root infections can persist throughout 
the season, reducing shoot growth, root size, root length, and alter root morphology (Griffin, 
1990; Southern et al., 1976). 
Pythium germination and growth is stimulated by carbohydrates exuded from 
germinating seed (Schlub and Schmitthenner, 1978). Like P. sojae, saturated soil conditions 
are favorable Pythium spp. due to greater zoospore mobility in the soil water and subsequent 
infection of the host (Hartman et al., 1999; Kirkpatrick et al., 2006; Schlub and 
Schmitthenner, 1978). Therefore, factors that increase soil moisture content favor Pythium, 
such as no-tillage (Bockus and Shroyer, 1998; Cook and Haglund, 1991; Cook et al., 1990; 
Pankhurst et al., 1995). Recent work has confirmed that Pythium spp. are more prevalent than 
P. sojae in earlier planted fields (Murillo-Williams and Pedersen, 2008), because Pythium 
spp. are generally favored by lower soil temperatures than P. sojae (Hartman et al., 1999; 
Thomson et al., 1971). The pathogen survives as a saprophyte in plant debris or as persistent 
oospores that germinate upon stimulation by soybean root exudates (Bockus and Shroyer, 
1998; Hartman et al., 1999). Herbicide treatments can also cause temporary increases in 
Pythium populations and damping-off potential of soils, likely due to the abundance of dying 
root biomass as a nutrient source (Descalzo et al., 1998). 
Pythium isolates have been found to be pathogenic on both corn and soybeans, 
rendering rotation between these crops ineffective as a management tool for these species 
(Dorrance et al., 2004; Zhang and Yang, 2000). A few reports indicate that there is potential 
to attain some resistance to Pythium associated with reduced soluble carbohydrate being 
exuded from germinating seeds (Bates et al., 2008; Kirkpatrick et al., 2006). Soil tiling to 
increase soil drainage or delayed planting to avoid cool soils have been suggested to reduce 
disease (Broders et al., 2007a; Hartman et al., 1999). However, delaying planting decreases 
yield potential (Pedersen and Lauer, 2003b). Because management options are limited, 
fungicide seed treatment is one of the few management practices that can effectively reduce 
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Pythium seedling disease (Griffin, 1990). However, Pythium spp. have a range of sensitivity 
to different fungicide chemistries (Broders et al., 2007a). Broders et al. (2007a) concluded 
that producers should use a combination of fungicides, because different species may be 
insensitive to one or more chemistries. 
Rhizoctonia solani. Rhizoctonia solani causes pre- and post-emergence damping-off, 
and seedling blight, and root rot in many crops (Hartman et al., 1999). On older plants, root 
rot damage can reduce nitrogen fixation (Orellana et al., 1976) and cause yield losses varying 
from minimal to up to 48% in the United States (Tachibana et al., 1971). R. solani infects the 
hypocotyl and expands to the root system as a reddish-brown, dry rot, causing plants that are 
stunted, weak, and wilted because lateral roots are destroyed (Hartman et al., 1999; Orellana 
et al., 1976). There are more than 14 anastomosis groupings (AG) (Carling, 2002) with 
several groups reported to be pathogenic to soybeans (Dorrance et al., 2003a; Liu and 
Sinclair, 1991; Nelson et al., 1996; Zhao et al., 2005).  
R. solani survives as sclerotia or mycelium in crop residue (Hartman et al., 1999; 
Ruppel, 1985). The pathogen survives as a saprophyte, and is favored by a lack of tillage 
because the web of mycelium created by this fungus in undisturbed soil is important for 
infection to occur (Bockus and Shroyer, 1998; Ruppel, 1985). However, no-tillage systems 
cause cooler soils (Fortin, 1993) that are not conducive to R. solani, which thrives under 
warmer temperatures (Kousik et al., 1995; Liu and Sinclair, 1991). R. solani also requires 
well-aerated soils, with growth rate reduced at soil water holding capacities >70% and 
inhibited at 90% (Hartman et al., 1999). Accordingly, lighter soil types favor R. solani 
(Hartman et al., 1999). In contrast, Dorrance et al. (2003a) and Teo et al. (1988) found little 
effect of soil moisture on R. solani seedling disease. 
Management with crop rotation is not feasible because R. solani can infect a broad 
range of crops, survive as a saprophyte, and isolates have been identified that can infect both 
corn and soybean (Hartman et al., 1999; Nelson et al., 1996; Ruppel, 1985). Khan et al.  
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(1994) suggested that resistant cultivars are the most effective and environmentally sound 
approach for long-term management. However, only a few sources of partial resistance have 
been found in commercial and ancestral soybean lines (Muyolo et al., 1993; Bradley et al., 
2001a). Virtually all soybean cultivars grown in commercial fields in North America are 
susceptible (Bradley et al., 2005). R. solani can also be managed with fungicide seed 
treatments (Bauske and Kirby, 1992). However, Dorrance et al. (2003a) reported that none of 
the five seed treatments they tested provided 100% control of the four isolates they tested.  
Fusarium. Species of Fusarium are responsible for several diseases of soybean 
(Hartman et al., 1999), including Sudden Death Syndrome (SDS) caused by F. virguliforme 
in North America (Aoki et al., 2003). Seedling disease and root rot have been reported to be 
caused by F. solani f. sp. phaseoli, (also referred to as F. solani form B) and F. oxysporum 
(Killebrew et al., 1993; Wang et al., 2004), and recently F. graminearum (Broders et al., 
2007b). Diagnosing disease from specific species of Fusarium can be difficult because 
multiple species are often isolated from a single diseased seedling and many saprophytic 
species are found in soil and on plant roots (Broders et al., 2007b). Rizvi and Yang (1996) 
isolated Fusarium spp. in relatively low frequency but still comprised the fourth-most 
isolated genera of damping-off pathogens in Iowa. Severe disease can result in low 
emergence, stunting, and wilting when soil moisture is low (Hartman et al., 1999). Lesions 
on taproots and lateral roots of seedlings are light to dark brown or reddish brown to black 
and are often sunken (Broders et al., 2007b; Hartman et al., 1999). Lesions can girdle the 
roots and stem, causing extensive decay of the cortex (Broders et al., 2007b; Hartman et al., 
1999). Foliar symptoms can sometimes be observed that are different from those reported 
from SDS, with chlorosis beginning on the edges of leaves and progressing inward 
interveinally and becoming necrotic (Nelson et al., 1997). Killebrew et al. (1988) suggested 
that early colonization by F. solani f. sp. Phaseoli can result in substantial yield losses. 
Hartman et al. (1999) lists economic losses up to 64% from Fusarium root rot. 
16 
 
Fusarium is favored by saturated soil conditions and temperatures between 14 and 
23°C (Hartman et al., 1999). Drought can also enhance disease development (Hartman et al., 
1999; Schlub et al., 1981). Rizvi and Yang (1996) concluded that Fusarium spp. were likely 
secondary colonizers, as indicated by their low level of pathogenicity in hypocotyl assays. 
Fusarium spp. have been associated with Pythium spp. and R. solani (Dantoff and Sinclair, 
1988; Pieczarka and Abawi, 1978; Schlub et al., 1981). Predisposition to infection by 
wounding, nematode feeding, or drought stress is crucial for F. oxysporum infection 
(Killebrew et al., 1993). Disease can be increased by soil compaction (Burke et al., 1972). 
Fusarium spp. overwinter in crop residues as chlamydospores or mycelia (Baird et al., 1997; 
Hartman et al., 1999). No-tillage favors Fusarium spp. due to the preservation of crop 
residues, increased soil moisture, and reduced soil temperature (Baird et al., 1997; Hartman 
et al., 1999). Ferrant et al. (1979) found that no-tillage resulted in increased populations of 
Fusarium spp. over conventional tillage in soil, but did not affect the incidence of wilt caused 
by F. oxysporum. 
Crop rotation is ineffective for F. graminearum because the pathogen can infect 
soybean, corn, and wheat (Broders et al., 2007b). Their role as secondary colonizers makes 
them of lesser importance to the soybean seedling disease complex in Iowa, with Rizvi and 
Yang (1996) concluding that selection of chemicals for seed treatment should be targeted 
towards Pythium spp., P. sojae, and R. solani if causal agents in a specific field were 
unavailable. Strobilurin and fludioxonil fungicides have activity against Fusarium spp. 
(Broders et al., 2007b). However, Broders et al. (2007b) reported reduced sensitivity of F. 
graminearum to strobilurin fungicides and identified fludioxonil-resistant mutants. Nelson et 
al. (1997) reported no resistance in commercial cultivars grown in Minnesota-North Dakota, 
although resistance has been reported in dry beans (Phaseolus vulgaris L.) (Bilgi et al., 
2008). Broders et al. (2007b) concluded that tillage may be needed to reduce inoculum 
because other management options are limited. 
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Fungicides used as seed treatments 
 Application of active ingredient to planted seed is attractive because it is site-directed, 
uses relatively little chemical compared with fumigation or soil treatments, and chemical 
residues in harvested plant products are small or non-existent (Bockus and Shroyer, 1998). 
However, the active ingredient must be able to permeate the root zone before cotyledons 
break through the soil surface, which often takes the treated seed coat with it (Dorrance et al., 
2003a; Koch et al., 2005; Nault et al., 2004). Because of this, soil treatments are often found 
to be more effective at reducing seedling disease (Rehm and Stienstra, 1993). Compounds 
with greater water solubility have a better chance of uptake and tend to perform better as seed 
treatments (Dorrance et al., 2003a; Koch et al., 2005; Nault et al., 2004). Systemic 
compounds have an advantage in that they can provide protection several weeks after 
application (Koch et al., 2005; Nault et al., 2004; Wilde et al., 2000).  
The primary active ingredients used for seed treatments on soybean seed against P. 
sojae and Pythium spp. are metalaxyl and mefenoxam (Dorrance et al., 2004), which are in 
the acylinilide family of fungicides (Cohen and Coffey, 1986). The two compounds share a 
common biochemical mode of action that involves the inhibition of RNA synthesis (Cohen 
and Coffey, 1986; Malvick and Grunden, 2004). These fungicides also possess a high water 
solubility and systemic properties that facilitate their uptake by roots and movement in plant 
xylem (Cohen and Coffey, 1986). Malvick and Grunden (2004) found that P. sojae was 
sensitive to metalaxyl and mefenoxam at 1.0 µg/ml, and that no major differences for 
sensitivity were found between the two compounds due to their common modes of action. 
Malvick and Grunden (2004) and Nelson et al. (2008) concluded that there was no evidence 
of low sensitivity of P. sojae to metalaxyl or mefenoxam in Illinois and North Dakota, 
respectively. However, variation for sensitivity was noted at 0.5 and 0.1 µg/ml, suggesting 
that variation at low concentrations occurs (Malvick and Grunden, 2004). Broders et al. 
(2007a) concluded that multiple fungicides were needed to manage Pythium spp., because 
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they had a broad range in sensitivity to mefenoxam, azoxystrobin, trifloxystrobin, and captan. 
Brantner and Windels (1998) suggested that fungicide seed treatment poses limited selection 
pressure for resistance because only a small amount of active ingredient is applied to seed, it 
persists in soil only a short time, and a small portion of the Pythium population is exposed. 
However, Dorrance et al. (2004) concluded that the repeated use of one chemical could result 
in decreased sensitivity to pathogens and reduced levels of disease control in the field.  
 Fludioxonil and strobilurin fungicides are commonly used to provide activity against 
R. solani and Fusarium spp. (Broders et al., 2007b; Shetty and Zhang, 1998). Broders et al. 
(2007a) also reported that the strobilurins azoxystrobin and trifloxystrobin had activity 
against some of the Pythium spp. used in their study. A member of the phenylpyrrole family 
of fungicides, fludioxonil works by inhibiting protein kinase, which disrupts transportation of 
monosaccharides and leads to an intracellular accumulation of polypols that inhibits fungal 
growth (Zhang et al., 2002). However, fludioxonil is a contact fungicide that is non-systemic 
(Rosselenbroich and Stuebler, 2000; Shetty and Zhang, 1998). Strobilurins disrupt ATP 
synthesis through blocking the electron transfer in mitochondria between cytochrome b and 
cytochrome c1 by binding the Q0 site of cytochrome b (Balba, 2007; Huang et al., 2007). 
Because strobilurins are active at only one specific site, they are prone to the development of 
resistance (Balba, 2007). 
Effect of fungicide seed treatment on plant density and yield 
Many field studies have found fungicide seed treatments can protect plant populations 
from damping-off losses compared to untreated seed (Bradley 2008; Bradley et al., 2001b; 
Ferriss et al., 1987; Papavizas et al., 1979; Tekrony et al., 1974), especially when cultivars 
were susceptible to P. sojae or in cases involving low quality seed (Ferriss et al., 1987; 
Griffin, 1990; Lueschen et al., 1991; Poag et al., 2005; Tekrony et al., 1974). Wall et al. 
(1983) reported no benefit from seed treatments when reduced quality was due to mechanical 
damage, size, or age, concluding that seed treatments for low quality seed was only justified 
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for disease. Dorrance and McClure (2001) found that cultivars with partial resistance to P. 
sojae were still susceptible to infection during germination until unifoliates were visible, with 
metalaxyl seed treatment resulting in greater emergence, plant height, and biomass 
accumulation. However, other studies have found no effect from seed treatments on plant 
density when applied to high quality seed with partial resistance to P. sojae (Cox, 2008; 
Lueschen et al., 1991; Murillo-Williams and Pedersen, 2008). 
While seed treatments commonly result in reduced plant losses, many studies find 
little or no difference in seed yield from untreated seed when applied to resistant, high quality 
seed (Bradley et al., 2001b; Cox et al., 2008; Lueschen et al., 1991; Murillo-Williams and 
Pedersen, 2008). This is due to the capacity of soybean to compensate at low plant densities 
by branching, enabling it to produce a similar seed yield to soybean at greater plant densities 
(Carpenter and Board, 1997). Studies in cool, wet environments have documented greater 
benefits from fungicide seed treatment (Bradley, 2008; Guy and Oplinger, 1989; Schulz and 
Thelen, 2008). Over four site-years in Wisconsin, Guy and Oplinger (1989) found that a 
metalaxyl seed treatment increased yield in no-tillage, but not in other tillage systems. In 4 of 
12 environments in North Dakota, Bradley (2008) concluded that fungicide seed treatments 
could prevent plant population and yield losses when soil temperature was <15°C and >111 
mm rainfall accumulated during the week before and three weeks after planting. Schulz and 
Thelen (2008) reported a positive seed yield response in 3 of 16 site-years which were 
characterized as cold and wet relative to 30-yr average early-season weather conditions. The 
results of these studies indicate that fungicide seed treatment may have the potential to 
increase stands and yields in the cooler, wetter conditions observed with use of the no-tillage 
system. Contrarily, Lueschen et al. (1991), whose studies were conducted in Minnesota, 
concluded that fungicide seed treatments to soybeans were not necessary to obtain good 
stands and high yields in reduced tillage systems. Bradley et al. (2001b) also found that seed 
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yield was not affected by fungicide seed treatments in no-tillage systems, however, these 
results were obtained from late plantings in Illinois.  
Bean leaf beetle 
Bean leaf beetle life cycle 
Of soybean insect pests, the bean leaf beetle (Cerotoma trifurcata) is the major 
defoliating pest during early vegetative stages of soybean in the Midwest (Higley and 
Boethel, 1994). The insect has two generations per year in Iowa, resulting in three peaks of 
adult beetle populations each growing season corresponding to overwintering adults, the F1 
generation, and F2 generation (Lam et al., 2001). The bean leaf beetle life cycle begins when 
adult beetles leave their overwintering habitats, which include woodlots, clumps of grass, and 
leaf litter, and become active in early to late April (Smelser and Pedigo, 1991). Upon 
soybean emergence and first cutting of alfalfa (Medicago sativa L.), there is emigration from 
alfalfa and other hosts into soybean fields (Smelser and Pedigo, 1991). Each female lays 
between 130-200 eggs in the upper 3.8 cm of soil near plant stems, with larvae hatching from 
eggs in about 5-7 days to feed on roots and nodules as the plant matures (Higley and Boethel, 
1994). During growth, larvae molt 3 times and reach the pupal stage in about 15-30 days 
(Higley and Boethel, 1994). After the pupal stage, which requires 7 more days, adults emerge 
in July, mate, and lay eggs for a second generation (Higley and Boethel, 1994). Second 
generation adults begin emerging in early to mid-August and peak form late August to mid-
September (Smelser and Pedigo, 1991). When food availability in soybean diminishes, they 
move back to alfalfa and other legumes to sustain themselves before moving back to 
overwintering habitats (Smelser and Pedigo, 1991). Year to year variation is another 
important consideration when managing bean leaf beetles, as treatment will not provide an 
economic benefit if beetle populations are low (Krell et al., 2004).  
An important factor to consider is winter temperature, as it is the limiting effect on 
bean leaf beetle population dynamics in Iowa (Lam and Pedigo, 2000a). In laboratory study, 
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Lam and Pedigo (2000b) found that the threshold temperature that causes a significant 
increase in mortality is between -10 and -5°C. However, the depth of snow and leaf litter can 
have a strong insulating effect on microclimate at the soil surface (Lam and Pedigo, 2000b). 
Some studies suggest that the presence of overwintered adult beetles does not impact F1 or F2 
abundance (Lam et al., 2001; Witkowski and Echtenkamp, 1996), because beetles are known 
to migrate from early-planted to late-planted or to late-maturing fields (Bushman et al., 
1984). However, current studies show a reduction in subsequent populations when 
overwintering or F1 populations are managed with insecticide (Bradshaw et al., 2008; Krell et 
al., 2004). 
Bean leaf beetle damage to soybean 
Bean leaf beetles can cause damage in several ways. Although leaf feeding is the 
most obvious form of injury, F2 adults cause the most damage through pod feeding and pod 
clipping, which is the complete loss of a pod when the insect feeds on the peduncle (Pedigo 
and Zeiss, 1996). Pod feeding also decreases seed quality, causing seeds that are shrunken, 
discolored, and sometimes infected with the fungus Alternaria (Pedigo and Zeiss, 1996). 
Bean leaf beetles cause early-season damage either by direct defoliation to expanding leaves 
and cotyledons (Hunt et al., 1995; Hunt et al., 1994) or by serving as the main vector of the 
bean pod mottle virus (BPMV). BPMV can cause maximum yield losses greater than 50% 
(Hopkins and Mueller, 1983) and reduced seed quality (Hill et al., 2007). Krell et al. (2004) 
concluded that early-season beetle suppression could be important for BPMV reduction 
because sources of inoculum are abundant, and suggested that early-season insecticide sprays 
should be applied as near to soybean emergence as possible to limit early-season 
transmission and spread. Defoliation occurring lower than economic injury levels can also 
reduce plant fitness by delaying canopy development and reducing plant height, resulting in 
limited light interception, reduced dry matter accumulation, and a predisposition to a variety 
of mid- to late season stresses (Hunt et al., 1994). Gustafson et al. (2006) found that early-
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season defoliation from bean leaf beetle decreased soybean’s tolerance to weeds, requiring 
earlier weed management practices than in an undefoliated crop. 
Early-season bean leaf beetle management 
Historically, bean leaf beetles were considered a minor pest that resulted in 
occasional economic losses in soybeans (Smelser and Pedigo, 1992). Hunt et al. (1995) 
determined that insect densities of overwintering adult beetles rarely reach economically 
damaging levels. In addition, Witkowski and Echtenkamp (1996) found that while use of a 
soil insecticide at planting did reduce beetle pressure and defoliation, there were no 
significant differences in yield. However, bean leaf beetle populations have increased 
dramatically since the 1990s (Giesler et al., 2002), which requires a reevaluation of 
management strategies.  
Delaying soybean planting can be an effective management strategy, because 
overwintering beetles are highly attracted to the earliest emerging soybean (Lam et al., 2001; 
Pedigo and Zeiss, 1996; Witkowski and Echtenkamp, 1996). Some studies have also shown 
greater incidence of BPMV with early planting (Giesler et al., 2002). However, delaying 
planting can decrease yield potential (Pedersen and Lauer, 2003b), nullifying any potential 
advantage in beetle management. In addition, Krell et al. (2005) reported that delayed 
planting is not a consistently effective management tactic for managing BPMV. While the 
most effective and economical method for management of viral disease is to utilize genetic 
resistance (Giesler et al., 2002), there are no BPMV-resistant soybean cultivars commercially 
available (Zheng et al., 2004). 
Foliar-applied and seed treatment insecticides are another effective option for bean 
leaf beetle management (Bradshaw et al., 2008; Krell et al., 2004; Witkowski and 
Echtenkamp, 1996). Bradshaw et al. (2008) and Krell et al. (2004) reported that insecticides 
timed at overwintering adult and F1 populations could reduce beetle populations throughout 
the season, provide limited reduction in virus incidence, and improve both yield and seed 
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coat color. Bradshaw et al. (2008) also observed that insecticide seed treatments were 
particularly effective at reducing beetle populations during endemic years, concluding that 
they were more reliable than foliar sprays for early-season management. However, no 
overwintering adult and F1 management strategy could maintain populations below economic 
injury levels for late-season pod damage (Bradshaw et al., 2008). Insecticides applied as a 
seed treatment have advantages over application as foliar sprays in that difficulty associated 
with poor spray coverage or proper timing of foliar sprays due to weather and other farming 
responsibilities is avoided (Nault et al., 2004). Early-season foliar sprays also negatively 
affect beneficial predatory insects, which predisposes fields to greater population growth of 
subsequent pests such as soybean aphid (Aphis glycines Matsumura) (Johnson et al., 2008). 
However, the decision to use a seed treatment must be made well before planting, and incurs 
an unnecessary cost if insect pressure is low (Nault et al., 2004).  
Neonicotinoid insecticide 
 The neonicotinoid class of insecticides is a fairly recent addition to the insecticide 
options made available to growers, with the first neonicotinoid (imidacloprid) being 
introduced in 1991 (Maienfisch et al., 2001a). A unique feature of neonicotinoids is their 
strongly electronegative tip, which is responsible for their insecticidal activity (Tomizawa et 
al., 2003). Neonicotinoids, which are analogs of nicotine, act by binding to nicotinic 
acetylcholine receptors in the insect central nervous system (Maienfisch et al., 2001b). They 
are active against several insect orders including Hemipteran (aphids, whiteflies, and 
planthoppers), Coleopteran (beetles), and some Lepidopteran (caterpillars) pests (Elbert et 
al., 1998). The mammalian toxicity is about 700-fold lower than its analog nicotine, making 
this class safer relative to other insecticide options (Elbert et al., 1998). Both imidacloprid 
and thiamethoxam are systemic in root, stem, and leaf tissues, providing protection several 
weeks after application (Koch et al., 2005; Nault et al., 2004; Wilde et al., 2000). Koch et al. 
(2005) found that both imidacloprid and thiamethoxam seed treatments provided a high level 
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of control of early-season bean leaf beetle on dry beans, and detected a rate response, with a 
higher rate leading to better, longer protection. Koch et al. (2005) and Nault et al. (2004) also 
suggested that greater activity of thiamethoxam over imidacloprid may have been due to its 
relatively high water solubility (Maienfisch et al., 2001b), giving it a better chance of 
permeating the root zone before cotyledons break through the soil surface, taking the treated 
seed coat with it.  
Plant growth regulating effect of thiamethoxam 
U.S. patent no. 6,753,296 describes thiamethoxam as improving the plant growth in 
the absence of arthropod pests (Senn et al., 2002). Among listed effects, agronomic benefits 
include early germination and emergence, a larger root system, lower fertilizer requirement, 
earlier flowering, and increased shoot growth, seed yield, and seed protein content (Senn et 
al., 2002). This is not without precedent, as physiological benefits have been attributed to 
direct effects from insecticides in the past (Apple, 1971; Hauser et al., 1977; Perring and 
Farrar, 1993; Pless et al., 1971; Thompson and Harvey, 1980). Wilde et al. (2000) found that 
there was no yield benefit for wheat from thiamethoxam under low or non-existent pest 
pressure. In addition, Horii et al. (2007) reported no difference in germination percentage, 
shoot height, and shoot weight in germination studies with thiamethoxam on pea, soybean, 
and corn. Wilde et al. (1999) also found that there was no yield increase in sorghum 
(Sorghum bicolor L.) treated with imidacloprid in the absence of observable pest activity. 
Although this is significant because imidacloprid is in the same family of insecticides as 
thiamethoxam, the neonicotinoids, the assessment should be tempered when drawing 
comparisons to thiamethoxam, as Maienfisch et al. (2001b) suggested that differences exist 
in the modes of action between thiamethoxam and imidacloprid, and possibly among 
neonicotinoids in general. Nauen et al. (2003) demonstrated that thiamethoxam is quickly 
metabolized to clothianidin within plant tissues, another neonicotinoid which is responsible 
for thiamethoxam’s insecticidal activity. It is not clear which enzymes cause this metabolic 
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conversion or if it is converted without a metabolic or biological system (Nauen et al., 2003). 
Cox et al. (2007a) attributed an increase in corn early-season leaf area development to a 
physiological response to clothianidin seed treatment, but there were no differences in 
development, growth rate, or grain yield. In another study, Cox et al. (2007b) reported 
greater total corn dry matter accumulation to clothianidin seed treatments compared to the 
control for one hybrid each year, despite similar growth during vegetative development. In 
view of these findings, a need exists to evaluate the effects thiamethoxam has on the growth 
and development of soybean.  
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CHAPTER 3. RESPONSE OF SEED TREATMENTS AND INOCULANTS TO NO-
TILLAGE SOYBEAN PRACTICES IN IOWA 
 
An article to be submitted to Agronomy Journal 
Joseph J. Osenga and Palle Pedersen 
 
Abstract 
Switching from conventional tillage to no-tillage can have a large effect on the soil 
environment by affecting soil moisture, temperature, and structure. These changes may affect 
the performance of seed treatments as well as Bradyrhizobium japonicum inoculants. Our 
objective was to evaluate the use of soybean seed treatments and inoculants in no-tillage and 
conventional tillage across Iowa. Field studies were conducted at six locations in Iowa during 
2007 and 2008 using no-tillage and conventional tillage with three cultivars. Two separate 
studies were initiated at these locations for testing seed treatments and inoculants. Two 
fungicide seed treatments, two fungicide + insecticide seed treatments, and an untreated 
control were evaluated. Four commercial inoculants were tested with and untreated control. 
On well-drained soils, no-tillage produced similar yield to conventional tillage. However, no-
tillage production at locations inside the poorly-drained Des Moines Lobe resulted in a 
modest reduction in yield in one study. Performance of seed treatments and inoculants were 
generally not affected by tillage. Seed treatments resulted in increased spring plant density 
over the control, but there was no difference in yield. Inoculants were not necessary on fields 
with a recent history of soybean production. There was no evidence that the use of seed 
treatments or inoculants should change in the first year of using no-tillage practices for 
soybean production in Iowa. 
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Introduction 
No-tillage systems offer many advantages to soybean production in the Upper 
Midwest. Crop residues on the surface and improved aggregation with no-tillage systems 
slow runoff water and improve infiltration, resulting in enhanced soil and water conservation 
(Seta et al., 1993). No-tillage systems can also reduce costs associated with labor, fuel, and 
machinery inputs (Yin and Al-Kaisi, 2004). It has been shown that soybean yields can be 
maintained with no-tillage production on well-drained soils (Elmore, 1987; 1990; Lueschen 
et al., 1992; Pedersen and Lauer, 2003a; 2003b; Yin and Al-Kaisi, 2004). In spite of the 
potential benefits, the adoption of no-tillage practices has been slow in Iowa. Out of the 4 
million hectares of soybean in Iowa in 2008, only about 30% were planted using no-tillage 
practices (National Agricultural Statistics Service, 2008). One obstacle to greater adoption of 
no-tillage practices is problems with cool, wet spring conditions combined with poorly-
drained fields in North Central Iowa (Steinwand and Fenton, 1995).  
Early planting maximizes soybean yield potential, primarily through a longer 
vegetative period with greater biomass accumulation before flowering (Pedersen and Lauer, 
2003b). However, early planting exacerbates problems associated with cooler, wetter soils 
than in conventional tillage systems (Fortin, 1993). Cool, wet soil conditions cause slow 
early-season growth (Yusuf et al., 1999) and are favorable to damping-off pathogens, such as 
Phytophthora sojae and Pythium spp. (Bockus and Shroyer, 1998). Recent work has 
confirmed greater incidence of Pythium spp. than Phytophthora sojae in earlier planted fields 
(Murillo-Williams and Pedersen, 2007). Pythium spp. can be difficult to manage because 
there are few sources of host resistance (Kirkpatrick et al., 2006), isolates can be pathogenic 
to both corn and soybeans (Zhang and Yang, 2000), and the pathogen persists in soils as an 
oospore or a saprophyte in plant debris (Hartman et al., 1999). In addition to damping-off 
pathogens, early planting can have increased problems with bean leaf beetles [Cerotoma 
trifurcate (Forster)], which are highly attracted to the earliest emerging soybean plants 
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(Pedigo and Zeiss, 1996). Seed treatments can be used to manage overwintering bean leaf 
beetles (Bradshaw et al., 2008) and damping-off pathogens (Dorrance and McClure, 2001). 
However, no research exists examining their use under no-tillage production by Iowa 
producers.  
The performance of soybean fungicide seed treatments in the scientific literature has 
been mixed. Many studies have documented greater plant densities with seed treatment 
(Bradley 2008; Bradley et al., 2001; Ferriss et al., 1987; Papavizas et al., 1979), especially 
when seed quality was low or susceptible to P. sojae (Ferriss et al., 1987; Griffin, 1990; 
Lueschen et al., 1991; Poag et al., 2005). Dorrance and McClure (2001) found that partially-
resistant cultivars were susceptible to infection by P. sojae until the unifoliate stage, and 
could be protected by metalaxyl [methyl-N-(methoxyacetyl)-N-(2,6-xylyl)-DL-alaninate]. 
Despite fungicide seed treatment’s effects on plant density, there is often little or no 
difference from untreated seed when applied to resistant, high quality seed (Bradley et al., 
2001; Cox et al., 2008; Lueschen et al., 1991). This is due to soybean’s compensation at 
sparse plant density to produce similar seed yield by branching (Carpenter and Board, 1997) 
or lack of environmental conditions suitable for seedling disease (Bradley et al, 2001). Cool 
and wet environments have documented the greatest benefits from fungicide seed treatment 
(Bradley, 2008; Guy and Oplinger, 1989; Schulz and Thelen, 2008). In Michigan, Schulz and 
Thelen (2008) found increased seed yield in 3 of 16 site-years when planting conditions were 
wet and cold relative to the 30-yr average. Over four site-years in Wisconsin, Bradley (2008) 
concluded stand and yield losses could be prevented by fungicide seed treatments in 4 of 12 
environments when soil temperature was <15°C at planting and there was >111 mm rainfall 
one week before and three weeks after planting. Guy and Oplinger (1989) reported that a 
metalaxyl seed treatment increased yield under no-tillage. 
Soybean is capable of meeting a large share of its nitrogen requirement by fixing 
atmospheric nitrogen through the symbiosis between Bradyrhizobium japonicum bacteria and 
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plant roots (Balatti and Pueppke, 1992). Symbiotic nitrogen fixation is important to high 
soybean yields, accounting for 50-60% of soybean’s nitrogen demand (Salvagiotti et al., 
2008). Inoculation of seed with B. japonicum is useful when indigenous populations are low 
or absent from lack of a cropping history or detrimental soil conditions, especially pH 
(Catroux et al., 2001). Inoculation can increase yields by 50% or more in fields with no 
previous history of soybean cropping (Seneviratne et al., 2000). Once inoculated, B. 
japonicum will reside in the field, making future inoculations less likely to affect soybean 
yield (Thies et al., 1995). Strains of B. japonicum also vary in their ability to nodulate 
soybean and fix atmospheric N2 (Zhang et al., 2002). In addition, soybean can compensate 
for reduced nodulation from low populations of B. japonicum in soil by increasing the size of 
individual nodules (Singleton and Tavares, 1985). Because of these factors, many studies 
report no yield response to inoculants when there is a recent history of soybean production 
(Ellis et al., 1984; Singleton and Tavares, 1985; Thies et al., 1995). Currently available 
inoculants claim higher efficacies than past products by using multiple strains, bacterial life 
extenders, and nod factors which encourage root curling, infection, and nodule formation 
(Schulz and Thelen, 2008). Schulz and Thelen (2008) found that seed inoculants increased 
soybean seed yield at 6 of 14 site-years with a recent history of soybean production.  
No-tillage production has a profound effect on microbial activity through changes in 
soil structure, temperature, and moisture (Young and Ritz, 2000). Since various microbial 
inhabitants of the soil will react differently to these changes (Young and Ritz, 2000), the 
performance of commercial inoculants may differ under no-tillage conditions. Many studies 
have documented increases in microbial biomass in no-tillage systems (Ferreira et al., 2000; 
Powlson and Jenkinson, 1981). Ferreira et al. (2000) reported greater Bradyrhizobium cells in 
no-tillage systems in Brazil. In Australia, no-tillage has been reported to increase N2 fixation 
(Hughes and Herridge, 1989; Wheatley et al., 1995). However, Hunt et al. (1985) and 
Lindemann et al. (1982) concluded that tillage system did not consistently affect nodulation. 
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Research is needed to generate recommendations for seed treatment and inoculant use 
in no-tillage soybean production on various soil types across Iowa. We hypothesize that seed 
treatments will show a greater benefit in improved plant density and yield in no-tillage 
systems than in a conventional tillage system. We also hypothesize that the field performance 
of inoculants varies with tillage system. Our objective was to evaluate the use of soybean 
seed treatments and inoculants using no-tillage and conventional tillage practices in Iowa. 
Materials and Methods 
Field studies were conducted at six locations in Iowa from 2007 to 2008:  Linn Grove 
and Humboldt in Northern Iowa, Hudson and Nevada in North Central Iowa, and Oskaloosa 
and Lenox in Southern Iowa. Humboldt and Nevada are located on the Des Moines Lobe 
(Steinwand and Fenton, 1995), a large area in North Central Iowa with poorly-drained soils. 
Soil characteristics and planting dates are presented in Table 1. The previous crop was corn 
(Zea Mays L.) at all sites. Separate studies were initiated at these locations for testing seed 
treatments and inoculants. The experimental design for both studies was a randomized 
complete block in a split-plot arrangement with four replications. The main plots were tillage 
treatments while the sub-plots were the combinations of three varieties and five seed 
treatments or inoculants. Tillage treatments were a conventional fall chisel-plow with two 
field cultivations in the spring and no-tillage in which seed was planted directly into 
undisturbed corn residue. Seed treatments included an untreated control, two fungicide seed 
treatments, and two combined fungicide and insecticide seed treatments. Fungicide seed 
treatments were metalaxyl applied at 4 g a.i. per 100 kg seed + trifloxystrobin [methyl (E)-
methoxyimino-{(E)-a-[1-(a,a,a-trifluorom-tolyl) ethylideneaminooxy]-o-tolyl} acetate] 
applied at 5 g a.i. per 100 kg seed and mefenoxam {(R,S)-2-[(2,6-dimethylphenyl)-
methoxyacetylamino]-propionic acid methyl ester} applied at 3.75 g a.i. per 100 kg seed + 
fludioxonil [4-(2,2-difluoro-1,3-benzodioxol-4-yl)-1H-pyrrole-3-carbonitrile] applied at 2.5 g 
a.i. per 100 kg seed. Combined fungicide and insecticide seed treatments were metalaxyl 
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applied at 4 g a.i. per 100 kg seed + trifloxystrobin applied at 5 g a.i. per 100 kg seed + 
imidacloprid [1-[(6-Chloro-3-pyridinyl) methyl]-N-nitro-2-imidazolidinimine] applied at 125 
g a.i. per 100 kg seed and mefenoxam applied at 3.75 g a.i. per 100 kg seed + fludioxonil 
applied at 2.5 g a.i. per 100 kg seed + thiamethoxam [4H-1,3,5-oxadiazin-4-imine, 3-[(2-
chloro-5-thiazolyl) methyl] applied at 50 g a.i. per 100 kg seed. Commercial inoculants 
included an untreated control, Optimize and Cell-Tech 2000 (EMD Crop Bioscience Inc., 
Brookfield, WI), and Nod+ with Extender and Vault (Becker Underwood Inc., Ames, IA). 
The cultivars used for both studies were AG2802 (Monsanto Company, St. Louis, MO), 
P92M54 (Pioneer Hi-Bred International, Johnston, IA), and S-2932-4 (Stine Seeds, Adel, 
IA). AG2802 and S-2932-4 have the Rps 1k gene for P. sojae resistance, whereas P92M54 is 
susceptible to P. sojae. 
Seeds were planted at a rate of 370,700 seeds ha-1 at a depth of 4 cm with a Kinze 
3000 no-tillage planter (Kinze, Williamsburg, IA) using a 38 cm row width. The planter was 
equipped with a notched coulter positioned directly in front of the seed disc openers and unit-
mounted, notched-disc row cleaners. Plots were 2.7 m wide and 6.1 m long. In 2007, weeds 
were managed with a pre-emergence application of glyphosate (N-(phosphonomethyl) 
glycine) applied at 868 g a.e. ha-1, S-metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-
(2-methoxy-1-methyl-ethyl) acetamide] applied at 1.1 kg a.i. ha-1, and either metribuzin (4-
amino-6-[1,1-dimethylethyl]-3-[methylthio]-1,2,4-triazin-5[4H]-one) applied at 260 g a.i. ha-
1 or fomesafen [5-[2-chloro-4-(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-
nitrobenzamide] 260 g a.i. ha-1 at all locations except Oskaloosa, which had sulfentrazone 
[N-[2,4-dichloro-5-[4-(difluoromethyl)-4,5-dihydro-3-methyl-5-oxo-1H-1,2,4-triazol-1-yl] 
phenyl] methanesulfonamide] applied at 68.5 ml a.i. ha-1, chlorimuron ethyl [2-[[[[(4-chloro-
6-methoxypyrimidin-2-yl) amino] carbonyl] aminio] sulfonyl] benzoate] applied at 13.7 ml 
a.i. ha-1, and the same rate of glyphosate. In 2008, a pre-emergent application of glyphosate 
applied at 868 g a.e. ha-1, S-metolachlor applied at 609 g a.i. ha-1, and fomesafen applied at 
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168 g a.i. ha-1 was used at all locations except at Oskaloosa, which used flumioxazin [2-[7-
fluoro-3,4-dihydro-3-oxo-4-(2-propynyl)-2,4-1,4-benzoxazin-6-yl]-4,5,6,7-tetrahydro-1H-
isoindol-1,3(2H)-dione] at a rate of 111.8 ml a.i. ha-1 with the same rate of glyphosate. The 
same rate of glyphosate was applied twice post-emergent at all locations during both years, 
except at Oskaloosa in 2007, which received one post-emergent application. Soybean aphids 
(Aphis glycines Matsumara) were managed with Lambda-cyhalothrin cyhalothrin 
[[1a(S*),3a(Z)]-(±)-cyano-(3-phenoxyphenyl) methyl-3-(2-chloro-3,3,3-trifluoro-1-
propenyl)-2,2-Dimethylcyclopropanecarboxylate] applied at 26 g a.i. ha-1 as needed in both 
years. 
Dependent variables were seed yield, spring and harvest plant density, plant height, 
and lodging. Seed yield was determined with an Almaco plot combine (Almaco, Nevada, IA) 
by harvesting the center four rows and adjusted to moisture content of 130 g kg-1. Spring and 
harvest plant densities were determined in June and October, respectively, by counting plants 
in a 1.52 m2 area and converting to plants ha-1.  Lodging was based on a 1 (erect) to 5 (flat) 
scale. Weather data were downloaded from the Iowa Environmental Mesonet (2008), based 
on locations near the research sites. Soil temperature was recorded hourly at each location 
using a HOBO soil temperature probe (Onset, Bourne, MA) in each tillage treatment. Soil 
samples were collected for soil fertility levels in each tillage system and tested at the Iowa 
State University soil analysis laboratory. Soil samples were also collected and tested for 
soybean cyst nematode (Heterodera glycines Ichinohe) at the Iowa State University 
Nematology Laboratory following the protocol outlined by Tabor et al. (2003). 
Data were subjected to an analysis of variance with the PROC MIXED procedure of 
SAS version 9.1 (SAS Institute, 2002). Year and replication were considered random effects, 
whereas location, tillage system, cultivar, and seed treatment or inoculant were considered 
fixed effects. Mean comparisons were made by using Fisher’s protected LSD test (P ≤ 0.05). 
 
50 
 
Results and discussion 
Monthly rainfall in May was ≥111 mm at all site-years (Table 2), similar to what was 
observed by Bradley (2008) at site-years with yield responses to fungicide seed treatments. 
Average soil temperatures during the two week period after planting were cooler in 2008 
than 2007 (Table 3). Soil temperatures at which fungicide seed treatments have been 
observed to increase yield (Bradley, 2008) are similar to conditions that existed in 2008. 
Average soil temperatures in no-tillage ranged from 0.2°C to 1.7°C cooler than conventional 
tillage depending on site-year (Table 3). 
Seed treatment study 
Interactions between locations and cultivars and between locations, tillage, and 
cultivars were identified for seed yield (Table 4). The interaction between locations and 
cultivars (Table 5) demonstrates that location influenced the yield of soybean cultivars. The 
interaction between locations, tillage, and cultivars occurred because of a 492 kg ha-1 
decrease in yield when comparing AG2802 in conventional and no-tillage at Nevada (Table 
6). This difference is likely because of increased lodging with AG2802, which was more 
severe in no-tillage conditions at that location (data not shown). This is consistent with 
several studies that have documented increased lodging with no-tillage (Guy and Oplinger, 
1989; Pedersen and Lauer, 2002; 2003a). Cultivars differed in plant height in the order of 
AG2802 > S-2932-4 > P92M54 (Table 4). AG2802 had a smaller harvest plant density than 
the other cultivars (Table 4). Both AG2802 and P92M54 had a greater yield than S-2932-4 
(Table 4). No difference in yield was observed in the main effect of tillage treatment (Table 
4), which is consistent with many studies (Elmore, 1987; 1990; Lueschen et al., 1992; 
Pedersen and Lauer, 2003a; 2003b).  
There were no interactions involving seed treatments, except for an interaction 
between tillage, cultivar, and seed treatment for final plant height (Table 4). Plants grown in 
conventional tillage had similar plant height between seed treatments, but plants grown in no-
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tillage had small differences in plant height between a few seed treatments in each cultivar 
(data not shown). There was no explanation for this interaction because differences were 
inconsistent between active ingredients. The performance of seed treatments was unaffected 
by tillage practices (Table 4). This is consistent with the findings of Lueschen et al. (1991), 
but contrary to Guy and Oplinger (1989) who documented greater seed yield with metalaxyl 
under no-tillage practices. There were no differences between seed treatments for spring or 
harvest plant density (Table 4). However, all seed treatments had a greater spring plant 
density than the control at the 90% level. These results on spring plant density are consistent 
with many studies demonstrating that fungicide seed treatments can reduce plant losses 
compared to untreated seed (Bradley 2008; Bradley et al., 2001; Ferriss et al., 1987; 
Papavizas et al., 1979). This result reflects a response to metalaxyl and mefenoxam 
fungicide. These two fungicides are the primary active ingredients used against P. sojae and 
Pythium spp. (Dorrance et al., 2004). Activity against Pythium spp. is important, because 
they are the most common seedling pathogens in early planted fields in Iowa (Murillo-
Williams and Pedersen, 2008). However, only the metalaxyl + trifloxystrobin + imidacloprid 
treatment had a greater harvest plant density than the control at the 90% level. This suggests 
that the advantage from most seed treatments in early stand density did not translate into a 
similar advantage in harvest plant density. We speculate that some of the weaker seedlings 
that were protected by seed treatments early in the season were lost during the season due to 
competition with neighboring plants. Seed treatments also produced similar seed yields to the 
control regardless of differences in early plant density (Table 4). Recently, harvest 
populations as low as 223 100 plants ha-1 have resulted in 95% of the maximum yield (De 
Bruin and Pedersen, 2008). This suggests that our seeding rate achieved sufficient harvest 
populations for optimum yield, and explains why there was no yield response to any seed 
treatment in this study.  
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It is also interesting that seed treatments did not affect yield regardless of rainfall and 
soil temperature conditions that resulted in increased yield from seed treatments in other 
studies (Bradley, 2008; Guy and Oplinger, 1989; Schulz and Thelen, 2008). Seeding rates 
from these studies were greater than what was used in our study, suggesting that these studies 
had greater disease severity in similar environmental conditions to our study. This is likely 
due to greater inoculum density, which we did not measure. Planting dates during both years 
were two to three weeks later than planned, and may be another reason for decreased benefits 
from seed treatments, especially in 2007 when soil temperatures were warmer (Table 3). 
Overall, our results agree with Bradley et al. (2001), Cox (2008), and Lueschen et al. (1991) 
which found little or no difference in seed yield with fungicide seed treatments when applied 
to high quality seed with partial resistance to P. sojae. Early-season bean leaf beetle 
populations were low during our study, reducing potential responses from seed treatments 
that contain insecticide. Insecticide seed treatments can reduce the establishment of bean leaf 
beetle populations in endemic years (Bradshaw et al., 2008), and may be more beneficial 
under greater pest pressure than what was present in this study. No differences were found 
between seed treatments for plant height (Table 4). 
Inoculant study 
 An interaction between location and tillage was identified for seed yield (Table 7). 
This interaction revealed that tillage systems resulted in similar yield at well-drained 
locations, but no-tillage resulted in 269 and 218 kg ha-1 less yield than conventional tillage at 
Humboldt and Nevada, respectively (Table 8). Humboldt and Nevada are located on the Des 
Moines Lobe, a large area in North Central Iowa characterized by poorly-drained soils 
(Steinwand and Fenton, 1995). Decreased yield on poorly-drained soils is consistent with 
other studies (Dick and Van Doren, 1985; McIssac et al., 1990; Yin and Al-Kaisi, 2004). No 
difference in yield between tillage systems on well-drained soils also agrees with other 
studies (Elmore, 1987; 1990; Lueschen et al., 1992; Pedersen and Lauer, 2003a; 2003b). Our 
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results suggest a modest yield decrease when using no-tillage on poorly-drained soils such as 
the Des Moines Lobe. However, Brown et al. (1989) and Lueschen et al. (1992) found few 
yield differences with no-tillage on clay loam soils in Iowa and Minnesota, respectively. This 
suggests that no-tillage systems do not always lead to a lower yield than conventional tillage 
on poorly-drained soils. Reduced soybean yields in no-tillage on poorly-drained soils are 
usually due to delayed crop growth from excessive early-season moisture or delayed plant 
rooting before the onset of drought (West et al., 1996; Yin and Al-Kaisi, 2004). An 
interaction was identified between location and cultivar for seed yield (Table 7). This 
interaction indicates that location influenced the seed yield of cultivars (Table 8), which was 
similar to the interaction observed in the seed treatment study (Table 5). The main effect of 
cultivar was similar to that observed in the seed treatment study (Tables 4 and 7), although S-
2932-4 was observed to have a smaller spring harvest density than the other cultivars (Table 
7). 
There was an interaction between tillage, cultivars, and inoculants (Table 7), but there 
was no consistent pattern for the interaction (data not shown). There were no other 
interactions between tillage and inoculants (Table 7). This indicates that there is no evidence 
to support the use of an inoculant in the first year of no-tillage soybean production in a corn-
soybean rotation. This is consistent with Hunt et al. (1985) and Lindemann et al. (1982). The 
main effect of inoculant did not affect seed yield (Table 7). When data was analyzed by year 
treating location as a fixed effect, inoculants did not significantly increase seed yield in any 
site-year (data not shown). Our study does not agree with Schultz and Thelen (2008) which 
found that inoculants increased soybean yield at 6 of 14 site-years on fields that had recently 
been in soybean rotation. Our results are consistent with several studies that report no yield 
response to inoculants when there is a recent history of soybean production (Ellis et al., 1984; 
Singleton and Tavares, 1985; Thies et al., 1995). An interaction between tillage and 
inoculants existed for harvest plant density (Table 7). Inoculants in conventional tillage 
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resulted in similar harvest plant densities, whereas Optimize had a 24 700 plants ha-1 greater 
harvest plant density than the control in no-tillage (data not shown). 
Conclusion 
Previously, there have not been any published studies on the interaction between 
tillage and seed treatments or inoculants in Iowa. The performance of seed treatments and 
inoculants were generally not affected by tillage. Seed treatments resulted in greater spring 
plant density at the 90% level, but no differences were found for yield. A two to three week 
delay in planting dates both years may have contributed to lack of response to seed 
treatments. The low level of bean leaf beetles present in the early-season mitigated the 
potential benefits of seed treatments with insecticide. Inoculants were not necessary on fields 
with a recent history of soybean production. On well-drained soils, no-tillage produced 
similar yield to conventional tillage. However, no-tillage production at locations inside the 
poorly-drained Des Moines Lobe resulted in a modest reduction in yield in one study. It was 
concluded that there was no evidence that use of seed treatments and inoculants changes in 
the first year of using a no-tillage system for soybean production in Iowa. 
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Table 1. Soil characteristics and planting dates for locations where field studies were conducted during 2007 and 2008. 
† Studies at Nevada in 2008 and Lenox in 2007 were lost. 
‡ Initial count prior to planting in the spring.
 Linn Grove Humboldt Hudson Nevada† Lenox Oskaloosa 
Soil series Gillett 
Grove silty 
clay loam 
Webster 
silty clay 
loam 
Dinsdale 
silty clay 
loam 
Webster 
clay loam 
Sharpsburg 
silty clay 
loam 
Mahaska 
silty clay 
loam 
Soil family Fine-silty, 
Mixed, 
Mesic Typic 
Endoaquolls 
Fine-loamy, 
Mixed, 
Mesic Typic 
Endoaquolls 
Fine-silty, 
Mixed, 
Mesic Typic 
Argiudolls 
Fine-loamy, 
Mixed, 
Mesic Typic 
Endoaquolls 
Fine, 
Smectitic, 
Mesic Typic 
Argiudolls 
Fine, 
Smectitic, 
Mesic 
Aquestic 
Argiudolls 
pH 6.2 – 6.5 6.6 – 7.0 6.3 – 6.9 7.0 – 7.3 6.0 – 6.6 6.5 – 6.8 
P (mg kg-1) 22 – 32 58 – 257 6 – 36 49 – 60 38 – 43 26 – 60 
K (mg kg-1) 179 – 313 148 – 349 119 – 238 241 – 245 228 – 249 184 – 359 
Organic matter (g kg-1) 53 – 61 54 – 60 38 – 68 48 – 52 45 – 48 37 – 40 
Year 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008 2007 2008 
Planting date May 
18 
May 
1 
May 
21 
May 
14 
May 
2 
May 
16 
May 
17 -- -- 
May 
15 
May 
19 
May 
9 
SCN (eggs/100 cc soil)‡ 50 600 50 1000 0 1500 300 -- -- 400 0 100 
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Table 2. Monthly mean air temperature and rainfall for 10 site-years where field studies were conducted. Deviations from the 
30-yr average are reported in parentheses. 
 May June July August 
Location 
Air 
temperature Rainfall 
Air 
temperature Rainfall 
Air 
temperature Rainfall 
Air 
temperature Rainfall 
 °C mm °C mm °C mm °C mm 
 
2007 
Linn Grove 17.8 (2.2)† 131 (36)0 21.1 (0.5)- 009 (-104) 23.3 (0.5)- 041 (-53) 22.2 (1.1)- 202 (114)-
Humboldt 17.8 (2.2)† 111 (5)00 21.1 (0.5)- 066 (-54)0 22.8 (0.0)- 072 (-37) 22.2 (1.1)- 424 (308)-
Hudson 17.8 (2.8)† 117 (3)00 21.1 (0.5)- 153 (28)-0 22.2 (-0.6) 111 (1)00 23.3 (2.2)- 308 (200)-
Nevada 18.9 (2.2)† 169 (55)0 22.2 (0.5)- 052 (-63)0 23.3 (0.0)- 075 (-42) 24.4 (2.2)- 200 (75)0-
Oskaloosa 18.9 (2.2)† 155 (39)0 21.7 (0.0)- 081 (-39)0 23.3 (-0.6) 062 (-48) 24.4 (1.6)- 424 (295)-
 2008 
Linn Grove 14.4 (-1.2) 151 (56)0 20.0 (-0.6) 141 (28)0- 22.2 (-0.6) 116 (22)0 22.2 (1.1)- 054 (-54)0
Humboldt 13.3 (-2.3) 152 (46)0 20.0 (-0.6) 239 (119)- 22.2 (-0.6) 098 (-11) 22.2 (1.1)- 039 (-77)0
Hudson 13.3 (-2.3) 153 (39)0 20.6 (0.0)- 204 (79)0- 22.8 (0.0)- 159 (49)0 22.8 (1.7)- 061 (-47)0
Lenox 14.4 (-1.7) 127 (10)0 21.1 (-0.6) 349 (245)- 23.3 (-0.6) 230 (131) 23.3 (0.5)- 009 (-100)
Oskaloosa 14.4 (-2.3) 138 (22)0 21.7 (0.0)- 173 (53)0- 22.8 (-1.1) 174 (64)0 22.8 (0.0)- 066 (-63)0
† Thirty-year averages based on Iowa Environmental Mesonet locations near the four research sites. 
 
62 
 
 
Table 3. Average daily soil temperature 
during the two week period after planting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
† Missing data points are due to probe 
malfunction. 
 
  Soil Temperature 
Year Location NT CT 
  ─── °C ─── 
2007 Linn Grove 16.9 17.3 
 Humboldt 18.0 -- 
 Hudson 16.9 18.6 
 Nevada 18.3 18.5 
 Oskaloosa -- -- 
    
2008 Linn Grove 11.0 11.8 
 Humboldt 15.0 15.5 
 Hudson 14.7 15.2 
 Nevada 13.7 14.6 
 Lenox 15.6 15.9 
 Oskaloosa 13.3 14.7 
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Table 4. Main effect means of location, tillage, cultivar and seed treatment for 
spring plant density, harvest plant density, final plant height, and seed yield from 
a seed treatment study across two years. 
Main Effect 
Spring plant 
density 
Harvest plant 
density 
Final plant 
height Seed yield 
Location (L) ── Plants ha-1 ──a cm kg ha-1 
     Linn Grove 318 700a† 288 400a 100a 4219a 
     Humboldt 329 900a† 306 400a 094a 4378a 
     Hudson 333 700a† 285 700a 101a 4771a 
     Nevada 354 300a† 315 600a 100a 4528a 
     Lenox 309 100a† 316 800a 085a 4831a 
     Oskaloosa 319 700a† 302 200a 099a 5013a 
     
Tillage (S)     
     Conventional 327 500a† 304 800a 097a 4650a 
     No-tillage 327 600a† 300 200a 096a 4596a 
     
Cultivar (C)     
     AG2802 326 200a† 293 700b 103a 4700a 
     P92M54 331 600a† 308 300a 089c 4652a 
     S-2932-4 325 000a† 305 500a 097b 4518b 
     
Seed treatment (T)‡     
     Control 312 100a 294 100a 095a 4616a 
     Mef. + flud. 333 100a 302 500a 197a 4638a 
     Mef. + flud. + thia. 328 900a 302 100a 097a 4604a 
     Meta. + tri. 328 000a 300 500a 096a 4579a 
     Meta. + tri. + imid. 335 700a 313 400a 096a 4678a 
     
Anova     
     L × S NS§ NS NS NS 
     L × C NS† NS NS *** 
     S × C NS† NS NS NS 
     L × S × C NS† NS NS * 
     L × T NS† NS NS NS 
     S × T NS† NS NS NS 
     L × S × T NS† NS NS NS 
     C × T NS† NS NS NS 
     L × C × T NS† NS NS NS 
     S × C × T NS† NS * NS 
     L × S × C × T NS† NS NS NS 
† Values followed by the same letter not different at P ≤ 0.05 in each column. 
‡ Mef. = mefenoxam, flud. = fludioxonil, thia. = thiamethoxam, meta. = 
metalaxyl, tri. = trifloxystrobin, imid. = imidacloprid. 
§ NS, not significantly different at P ≤ 0.05, * Indicates significance at P ≤ 0.05, 
** Indicates significance at P ≤ 0.01, *** Indicates significance at P ≤ 0.001. 
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Table 5. Means from the interaction of location and cultivar for seed yield from a seed treatment study across 
two years. 
Seed yield Linn Grove Humboldt Hudson Nevada Lenox Oskaloosa 
Cultivar –––––––––––––––––––––––––––– kg ha-1 –––––––––––––––––––––––––––– 
     AG2802 4270b 4548a 4882a 4372b 4965a 5165a 
     P92M54 4458a 4402b 4957a 4649a 4559b 4884b 
     S-2932-4 3928c 4183c 4475b 4561a 4968a 4990b 
† Values followed by the same letter not different at P ≤ 0.05 in each column. 
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Table 6. Means from the interaction of location, tillage, and cultivar for seed yield from a seed treatment study across 
two years. 
Tillage Cultivar Linn Grove Humboldt Hudson Nevada Lenox Oskaloosa 
  ––––––––––––––––––––––– Seed yield (kg ha-1) ––––––––––––––––––––––– 
Conventional AG2802 4239b 4719a 4849a 4618a 4910a 5072aa 
Conventional  P92M54 4444a 4501b 4776a 4725a 4622b 4885ba 
Conventional S-2932-4 3929c 4333b 4432b 4685a 4935a 5029ab 
        
No-tillage AG2802 4301a 4377a 4915b 4126b 5019a 5258aa 
No-tillage P92M54 4473a 4304b 5137a 4574a 4495b 4884ba 
No-tillage S-2932-4 3926b 4033b 4519c 4437a 5002a 4951ba 
† Values followed by the same letter not different at P ≤ 0.05 in each location and tillage system combination.
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Table 7. Main effect means of tillage, cultivar and seed treatment for spring 
plant density, harvest plant density, final plant height, and seed yield from an 
inoculant study across 10 site-years. 
Main Effect 
Spring plant 
density 
Harvest plant 
density 
Final plant 
height Seed yield 
Location (L) ── Plants ha-1 ──a cm kg ha-1 
     Linn Grove 303 900a† 281 700a 096a 4189a 
     Humboldt 317 500a† 296 800a 095a 4320a 
     Hudson 327 100a† 291 800a 095a 4822a 
     Nevada 298 400a† 285 300a 101a 4534a 
     Lenox 304 300a† 306 800a 083a 4746a 
     Oskaloosa 302 100a† 282 800a 094a 5013a 
     
Tillage (S)     
     Conventional 310 500a† 293 100a 095a 4650a 
     No-tillage 307 200a† 288 700a 093a 4558b 
     
Cultivar (C)     
     AG2802 312 100a† 288 200b 101a 4705a 
     P92M54 317 700a† 297 400a 088c 4653a 
     S-2932-4 296 900b† 286 900a 093b 4455b 
     
Seed treatment (T)‡     
     Control 301 900a 283 600a 094a 4608a 
     Optimize 312 000a 295 200a 194a 4571a 
     Cell-Tech 2000 312 100a 292 700a 094a 4618a 
     Nod+ w/ Extender 307 500a 291 000a 094a 4618a 
     Vault 311 000a 292 000a 093a 4605a 
     
Anova     
     L × S NS‡ NS NS ** 
     L × C NS‡ NS NS *** 
     S × C NS‡ NS NS NS 
     L × S × C NS‡ NS NS NS 
     L × T NS‡ NS NS NS 
     S × T NS‡ * NS NS 
     L × S × T NS‡ NS NS NS 
     C × T NS‡ NS NS NS 
     L × C × T NS‡ NS NS NS 
     S × C × T NS‡ NS NS * 
     L × S × C × T NS‡ NS NS NS 
† Values followed by the same letter not different at P ≤ 0.05 in each column. 
‡ NS, not significantly different at P ≤ 0.05, * Indicates significance at P ≤ 0.05, 
** Indicates significance at P ≤ 0.01, *** Indicates significance at P ≤ 0.001. 
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Table 8. Means from the interaction of location and tillage or cultivar for seed yield from an inoculant study 
across two years. 
Effect Linn Grove Humboldt Hudson Nevada Lenox Oskaloosa 
Tillage ––––––––––––––––––––––– Seed yield (kg ha-1) ––––––––––––––––––––––– 
     Conventional 4189a 4455a 4760a 4643a 4791a 5065a 
     No-tillage 4189a 4186b 4884a 4425b 4701a 4962a 
       
Cultivar       
     AG2802 4252b 4427a 5013a 4458b 4892a 5188a 
     P92M54 4454a 4384a 4979a 4725a 4487b 4887b 
     S-2932-4 3861c 4150b 4474b 4419b 4860a 4965b 
† Values followed by the same letter not different at P ≤ 0.05 in each column.
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CHAPTER 4. SOYBEAN SEEDING RATE RESPONSE TO SEED TREATMENT 
AND TILLAGE  
 
An article to be submitted to Crop Science 
Joseph J. Osenga and Palle Pedersen 
 
Abstract 
Soybean [Glycine max L. (Merr.)] producers using no-tillage practices in the Upper 
Midwest encounter cooler, wetter soil conditions early in the growing season that favor plant 
losses from damping-off pathogens. Our objective was to assess the use of seed treatments 
with various seeding rates in no-tillage and conventional tillage. Field studies were 
conducted at two locations during 2007 and 2008. Two fungicide seed treatments, a 
fungicide + insecticide seed treatment, and an untreated control were evaluated. Seeding rates 
were 185 000, 309 000, 432 000, and 556 000 seeds ha-1. There were no interactions 
involving tillage or seed treatments, demonstrating that seed treatment performance was not 
influenced by tillage. Seeding rates of 185 000 and 316 500 seeds ha-1 were sufficient to 
achieve 95% of the maximum yield at locations outside and within the Des Moines Lobe, 
respectively. Use of no-tillage practices did not influence the optimal seeding rate. Seed 
treatments did not affect seed yield, harvest plant density, or early plant density, despite cold 
soil temperatures and wet rainfall conditions. A two to three week delay in planting dates 
may have contributed to lack of response from seed treatments. Seed treatments could 
potentially be more beneficial when seeding rates are reduced and under greater pressure 
from damping-off pathogens and overwintering bean leaf beetles than were present in this 
study. It was concluded that there was no evidence that seed treatments affect the optimum 
seeding rate in no-tillage or conventional tillage. 
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Introduction 
A challenge to soybean producers using no-tillage practices in the Upper Midwest is 
cooler and wetter soil conditions than conventional tillage systems early in the growing 
season (Fortin, 1993). These conditions are exacerbated on poorly-drained soils, such as the 
Des Moines Lobe in Central Iowa (Steinwand and Fenton, 1995). Enhanced cool, wet soil 
conditions can lead to lower yield from no-tillage systems on poorly-drained soils (Dick and 
Van Doren, 1985; McIsaac et al., 1990; Yin and Al-Kaisi, 2004). These conditions slow 
early-season soybean growth (Yusuf et al., 1999) and favor damping-off pathogens, such as 
Phytophthora sojae and Pythium spp. (Bockus and Shroyer, 1998). As a result, soybean plant 
density is generally lower with no-tillage than with conventional tillage systems (Guy and 
Oplinger, 1989; Philbrook et al. 1991). Because Pythium spp. are more prevalent than P. 
sojae in cool soils (Murillo-Williams and Pedersen, 2008), no-tillage systems, especially 
when planted early, could experience increased problems with Pythium spp. Host resistance 
for Pythium spp. has rarely been reported and has limited effectiveness (Kirkpatrick et al., 
2006). The corn-soybean rotation is also ineffective because Pythium spp. can persist as a 
saprophyte or oospore (Hartman et al., 1999) and many islolates are pathogenic to both corn 
and soybeans (Zhang and Yang, 2000). The use of fungicide and fungicide + insecticide seed 
treatment is a practice that can be used for managing seedling diseases (Dorrance and 
McClure, 2001) and overwintering bean leaf beetles [Cerotoma trifurcate (Forster)] 
(Bradshaw et al., 2008) which reduce soybean plant populations and yield. However, no 
recommendations exist for their use by Iowa producers under no-tillage soybean production 
practices.  
Studies have found fungicide seed treatments can protect plant populations from 
damping-off pathogens (Bradley 2008; Bradley et al., 2001; Ferriss et al., 1987; Papavizas et 
al., 1979; Tekrony et al., 1974). This was especially true for cultivars that were susceptible to 
P. sojae or in cases involving low quality seed (Ferriss et al., 1987; Griffin, 1990; Lueschen 
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et al., 1991; Poag et al., 2005; Tekrony et al., 1974). Dorrance and McClure (2001) found 
that cultivars with partial resistance to P. sojae were still susceptible to infection during 
germination until unifoliates were visible, with metalaxyl [methyl-N-(methoxyacetyl)-N-
(2,6-xylyl)-DL-alaninate] seed treatment resulting in greater emergence, plant height, and 
biomass accumulation. However, Cox (2008) and Lueschen et al. (1991) found no effect 
from seed treatments on plant density when applied to high quality seed with partial 
resistance to P. sojae. 
While seed treatments commonly result in reduced plant losses, many studies find 
little or no difference in seed yield from untreated seed when applied to resistant, high quality 
seed (Bradley et al., 2001; Cox et al., 2008; Lueschen et al., 1991). This is due to the capacity 
of soybean to compensate at low plant densities by branching, enabling it to produce a 
similar seed yield to soybean at greater plant densities (Carpenter and Board, 1997). Studies 
in cool, wet environments have documented greater benefits from fungicide seed treatment 
(Bradley, 2008; Guy and Oplinger, 1989; Schulz and Thelen, 2008). In 4 of 12 environments 
in North Dakota, Bradley (2008) concluded that fungicide seed treatments could prevent 
plant population and yield losses when soil temperature was <15°C and >111 mm rainfall 
accumulated during the week before and three weeks after planting. Schulz and Thelen 
(2008) reported a positive seed yield response in 3 of 16 site-years which were characterized 
as cold and wet relative to 30-yr average early-season weather conditions. Guy and Oplinger 
(1989) found that a metalaxyl seed treatment increased yield in no-tillage, but not in other 
tillage systems. 
Seeding rates greater than what are required to establish a reasonable stand usually 
result in small, inconsistent effects on seed yield (De Bruin and Pedersen, 2008a; 2008b; 
Pedersen and Lauer, 2002). In Iowa, 95% of the maximum yield was attained at harvest 
densities ranging from 194 000 to 290 800 plants ha-1 (De Bruin and Pedersen, 2008a; 
2008b). Lee et al. (2008) reported that 95% maximum yield was attained at populations 
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ranging from 108 000 to 282 000 in Kentucky. Seeding rates needed to attain the maximum 
yield often offset the yield benefit from greater harvest densities through greater production 
costs (De Bruin and Pedersen, 2008b). Therefore, producers should be focused on economic 
return from seeding rates rather than yield maximization (De Bruin and Pedersen, 2008b; Lee 
et al., 2008). Seed costs have been rising in recent years, with estimated costs of nearly $2 
kg-1 in Iowa for 2009 (Duffy and Smith, 2008). Producers may be able to reduce seeding 
rates to reflect greater seed costs. Seed treatments could offer value when reducing seeding 
rates by decreasing plant losses. Oplinger and Philbrook (1992) found that a 15-32% increase 
in seeding rate was needed when using a no-tillage system. Contrarily, other studies reported 
that the optimum plant density was not influenced by tillage systems (Elmore, 1991; 
Pedersen and Lauer, 2002). Little information exists on the interaction of seed treatment, 
seeding rate, and tillage system in the scientific literature. 
Our hypothesis was that seed treatments could allow a reduction in seeding rate, 
which would be particularly beneficial for preserving plants in the no-tillage system. We 
hypothesize that seed treatment will be more beneficial in no-tillage. Our objectives were to 
i) determine if optimal soybean seeding rates are lower with use of currently available seed 
treatments and ii) determine if seed treatments reduce the optimum seeding rate to a greater 
extent in no-tillage systems. 
Materials and Methods 
Field studies were conducted during 2007 and 2008 at Humboldt and Linn Grove, IA. 
Soil types were a Webster silty clay loam (Fine-loamy, Mixed, Mesic Typic Endoaquolls) at 
Humboldt and a Gillet Grove silty clay loam (Fine-silty, Mixed, Mesic Typic Endoaquolls) at 
Linn Grove. Humboldt is located on the Des Moines Lobe, an area characterized by poorly-
drained soils (Steinwand and Fenton, 1995). Soil characteristics are presented in Table 1. The 
previous crop was corn (Zea mays L.) at all sites. Soybean cultivar AG2802 (Monsanto, St. 
Louis, MO) was chosen for this study, which has the Rps 1k gene for P. sojae resistance and 
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PI88788 soybean cyst nematode (Heterodera glycines Ichinohe) resistance. The experimental 
design at each location was a randomized complete block in a split-plot arrangement with 
four replications. Whole plots were the two tillage treatments, while subplots were the 
factorial combination of four seed treatments and four seeding rates. Tillage treatments were 
a conventional fall chisel-plow with two field cultivations in the spring and no-tillage 
practices in which seed was planted directly into undisturbed corn residue. Treatments 
applied to seeds included an untreated control, mefenoxam {(R,S)-2-[(2,6-dimethylphenyl)-
methoxyacetylamino]-propionic acid methyl ester} applied at 15 g a.i. per 100 kg seed, 
mefenoxam applied at 3.75 g a.i. per 100 kg seed + fludioxonil [4-(2,2-difluoro-1,3-
benzodioxol-4-yl)-1H-pyrrole-3-carbonitrile] applied at 2.5 g a.i. per 100 kg seed, and 
mefenoxam applied at 3.75 g a.i. per 100 kg seed + fludioxonil applied at 2.5 g a.i. per 100 
kg seed + thiamethoxam [4H-1,3,5-oxadiazin-4-imine, 3-[(2-chloro-5-thiazolyl) methyl] 
tetrahydro-5-methyl-N-nitro] applied at 50 g a.i. per 100 kg seed. Targeted seeding rates 
were 185 000, 309 000, 432 000, and 556 000 seeds ha-1. 
Seeds were planted with a Kinze 3000 no-tillage planter (Kinze, Williamsburg, IA) to 
a depth of 4 cm in a 38-cm row width. The planter was equipped with notched coulters 
positioned directly in front of the seed disc openers and unit-mounted, notched-disc row 
cleaners. Plots were 2.7 m wide and 6.1 m long. In 2007, plots were planted on 18 May at 
Linn Grove and 21 May at Humboldt. In 2008, plots were planted on 1 May at Linn Grove 
and 14 May at Humboldt. In 2007, weeds were managed with a pre-emergent application of 
glyphosate (N-(phosphonomethyl) glycine) applied at 868 g a.e. ha-1, S-metolachlor [2-
chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methyl-ethyl) acetamide] applied at 1.1 
kg a.i. ha-1, and either metribuzin (4-amino-6-[1,1-dimethylethyl]-3-[methylthio]-1,2,4-
triazin-5[4H]-one) applied at 260 g a.i. ha-1  or fomesafen [5-[2-chloro-4-
(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide] applied at 260 g a.i. ha-1. 
In 2008, a pre-emergence application of glyphosate applied at 868 g a.e. ha-1, S-metolachlor 
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applied at 5.4 kg a.i. ha-1, and fomesafen applied at 413 g a.i. ha-1 was used. The same rate of 
glyphosate was applied twice post-emergence. In 2008, fluazifop-p-butyl [butyl(R)-2-[4-[[S-
(trifluoromethyl)-2-pyridinyl] oxy] phenoxy] propanoate] applied at 130 g a.i. ha-1, and 
fenoxyprop-p-ethyl [(+)-ethyl-2-[4-[6-(chloro-2-benzoxazolyl) oxy] phenoxy] propanoate] 
applied at 39 g a.i. ha-1 was used in late June to manage volunteer corn. Lambda-cyhalothrin 
[[1a(S*),3a(Z)]-(±)-cyano-(3-phenoxyphenyl) methyl-3-(2-chloro-3,3,3-trifluoro-1-
propenyl)-2,2-Dimethylcyclopropanecarboxylate] applied at 26 g a.i. ha-1 was used to 
manage soybean aphids (Aphis glycines Matsumura) as needed. 
Data collected included seed yield, spring and harvest plant density, plant height, 
lodging, and seed size. Seed yield was determined with an Almaco plot combine (Almaco, 
Nevada, IA) and adjusted to moisture content of 130 g kg-1. Spring and harvest plant 
densities were determined in June and October, respectively, by counting plants in a 1.52 m2 
area and converting to plants ha-1. Plant mortality during the growing season was calculated 
by subtracting harvest plant density from spring plant density and was presented as a 
percentage of spring plant density. Lodging was based on a 1 (erect) to 5 (flat) scale. Seed 
mass was measured by weighing 300 seeds and dividing by three to present the data based on 
100 seeds. 
Weather data was downloaded from the Iowa Environmental Mesonet (2008), based 
on locations near the field sites. Soil temperature was recorded hourly at each location to a 
depth of 10 cm using a HOBO soil temperature probe (Onset, Bourne, MA) in each tillage 
treatment. Soil samples were collected for soil fertility levels in each tillage treatment and 
analyzed at the Iowa State University soil analysis laboratory. Soil samples were also 
collected and tested for soybean cyst nematode at the Iowa State University Nematology 
Laboratory following the protocol outlined by Tabor et al. (2003). 
Data were analyzed using the PROC MIXED procedure of SAS version 9.1 (SAS 
Institute, 2002). Random effects were years and replications, whereas location, tillage, seed 
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treatment, and seeding rate were considered fixed effects. Least square means of the fixed 
effects were computed and comparisons were made by using Fisher’s protected LSD test (P 
≤ 0.05). To analyze the location × seeding rate interaction for seed yield, data by analyzed by 
location with orthogonal polynomial contrasts to evaluate linear, quadratic, and cubic 
models. The PROC IML procedure of SAS was used to calculate orthogonal polynomial 
coefficients. Regression analyses were conducted on seeding rate means at each location 
using the PROC REG procedure of SAS to relate seeding rate to seed yield with the 
appropriate polynomial model. 
Results and discussion 
May rainfall met or exceeded 111 mm at all site-years (Table 2), indicating sufficient 
moisture to observe benefits from seed treatments (Bradley, 2008). In 2007, high 
precipitation in early May delayed planting for two weeks past the optimum planting date of 
1 May in our study, allowing soil temperatures to rise >15°C (Table 1). This reduced the 
potential response from seed treatments since the efficiency of infection from several species 
of Pythium is optimum at 10-15°C (Hartman et al., 1999). However, soil temperatures were 
<15°C in 2008 (Table 1). Monthly average rainfall from May to August was near or greater 
than the 30-yr average for all site-years (Table 2). 
Location and seeding rate 
 There were no interactions in our study, except for an interaction between locations 
and seeding rates for seed yield (Table 3). When data was analyzed by location, seeding rate 
affected yield at Humboldt, but not at Linn Grove (Table 4). Orthogonal polynomial 
contrasts revealed that the response of yield to seeding rate was flat at Linn Grove, but had a 
linear trend at Humboldt (Table 4). A quadratic equation was used for Humboldt because the 
quadratic contrast was significant at the 90% level, and a quadratic response is consistent 
with other studies (De Bruin and Pedersen, 2008a; 2008b; Egli, 1988; Lee et al., 2008). A 
seeding rate of 578 000 seeds ha-1 was required to achieve maximum yield at Humboldt 
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(Table 5). The seeding rate needed to achieve the 95% of the maximum yield was 316 500 
seeds ha-1 (Table 5). In contrast, the smallest seeding rate of 185 000 seeds ha-1 achieved the 
maximum yield at Linn Grove (Table 4). This yield response to seeding rate is similar to the 
response reported by De Bruin and Pedersen (2008b) for locations within and outside the Des 
Moines Lobe. Our results agree with De Bruin and Pedersen (2008b), that there is potential 
to lower seeding rates to maximize economic return. The main effect of location did not 
influence any variable (Table 3). Greater seeding rates resulted in greater spring and harvest 
plant densities, but also resulted in greater plant mortality rates during the growing season 
(Table 6). Greater seeding rates also resulted in increased seed mass (Table 6), which is 
consistent with previous studies (De Bruin and Pederson, 2008b; Egli, 1988). 
Tillage 
There were no differences between tillage treatments except for final plant height 
(Table 3). Plants grown in conventional tillage were 4 cm taller than in the no-tillage system 
(Table 6), but no difference was observed in lodging (data not shown). These results agree 
with Guy and Oplinger (1989). However, this is counter to results of Pedersen and Lauer 
(2003a; 2003b) and Temperly and Borges (2006), which found either no difference in plant 
height or greater plant height with no-tillage. Even though 2 of 4 site-years were on the 
poorly-drained Des Moines Lobe (Steinwand and Fenton, 1995), tillage treatments resulted 
in a similar seed yield (Table 6). This was unexpected, as no-tillage soybean yield is usually 
decreased in poorly-drained soils (Dick and Van Doren, 1985; McIsaac et al., 1990; Yin and 
Al-Kaisi, 2004). However, Brown et al. (1989) and Lueschen et al. (1992) found few yield 
differences between no-tillage and other tillage systems on clay loam soils in Iowa and 
Minnesota, respectively. Our results suggest that use of no-tillage practices is not important 
when determining seeding rate, which is consistent with findings by Elmore (1991) and 
Pedersen and Lauer (2002). 
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Seed treatment 
There were no differences between seed treatments for any measured variable (Table 
3). Despite conditions generally suitable for seedling disease from Pythium spp. (Tables 1 
and 2), the untreated control did not experience notable plant losses that could be prevented 
with seed treatments. However, other studies at the 2008 locations showed increased spring 
plant density with fungicide seed treatments using the same cultivar (Osenga and Pedersen, 
2009). Seed treatments resulted in a similar seed yield to the untreated control (Table 3). 
These results do not agree with other studies that observed plant density and yield increases 
with rainfall and temperature conditions that were similar to our study (Bradley, 2008; Guy 
and Oplinger, 1989; Schultz and Thelen, 2008). During both years, planting dates were 
delayed two to three weeks, which may be a reason that seed treatments did not affect plant 
densities and yield, especially in 2007 when soil temperatures were warmer (Table 1). 
Inoculum density was not measured, and may also be a reason for low disease incidence and 
severity. Our results are consistent with Cox (2008) and Lueschen et al. (1991) which 
concluded that fungicide seed treatments were not needed when applied to high quality seed 
with partial resistance to P. sojae. Insecticide seed treatments can reduce the establishment of 
bean leaf beetle populations in endemic years (Bradshaw et al., 2008). However, populations 
of early-season bean leaf beetles were low during our study, reducing potential responses 
from our treatment with insecticide. While the conditions under which seed treatments can 
lead to increased plant density and yield are not common, they should be beneficial when 
seeding rates are reduced in the presence of damping-off pathogens and overwintering bean 
leaf beetles greater than what was present in the current study. 
Conclusion 
Previous studies in the scientific literature have not addressed the interaction of seed 
treatment, tillage, and seeding rate. Our results indicate that seed treatments do not influence 
the optimal seeding rate in either tillage system. There were no interactions between tillage 
77 
 
 
and seed treatments for any measured variable, showing that seed treatment performance was 
not influenced by tillage. Seed treatments did not affect seed yield, harvest plant density, or 
early plant density, despite temperature and rainfall conditions that led to benefits from seed 
treatments in other studies. However, seed treatments could potentially be more beneficial 
when seeding rates are reduced and under greater pressure from damping-off pathogens and 
overwintering bean leaf beetles than were present in this study. Results from this study and 
other published articles demonstrate that seed treatments are not usually necessary, but offer 
value to producers mainly as insurance against early-season problems. Our study supports the 
potential for reducing seeding rates in the face of increased seed costs. Use of no-tillage 
practices does not appear to be a factor in determining seeding rate. It was concluded that 
there was no evidence that seed treatments affect the optimum seeding rate in either no-
tillage or conventional tillage. 
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Table 1. Soil characteristics of locations where field studies were conducted in 2007 and 
2008. 
 2007 2008 
 Linn Grove Humboldt Linn Grove Humboldt 
Soil characteristic NT CT NT CT NT CT NT CT 
pH 6.5 6.2 7.0 7.2 6.5 6.4 7.0 6.6 
P (mg kg-1) 32 22 81 58 31 25 257 243 
K (mg kg-1) 214 179 148 197 313 243 349 339 
Organic matter (g kg-1) 54 53 56 60 61 58 55 54 
Soil Temperature (°C)† 16.9 17.3 18.0 -- 11.0 11.8 15.0 15.5 
SCN (eggs/100 cc soil)‡ 50 50 600 1000 
† Average soil temperature during the two week period after planting. Missing data points 
are due to probe malfunction. 
‡ Initial count prior to planting. 
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Table 2. Monthly mean air temperature and rainfall for four site-years 
where field studies were conducted. Deviations from the 30-yr average 
are reported in parentheses. 
  May Seasonal average‡ 
Year Location 
Air 
temperature Rainfall 
Air 
temperature Rainfall 
  °C mm °C mm 
2007 Linn Grove 17.8 (2.2)† 131 (36) 21.1 (1.1)- 096 (-2) 
 Humboldt 17.8 (2.2)- 111 (5)8 21.0 (1.0)- 168 (56) 
2008 Linn Grove 14.4 (-1.2) 151 (56) 19.7 (-0.3) 116 (13) 
 Humboldt 13.3 (-2.3) 152 (46) 19.4 (-0.6) 132 (19) 
† Thirty-year averages based on Iowa State University Mesonet locations 
near the four research sites.  
‡ Monthly average from May to August. 
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Table 3. Significance of F-values from the analysis of variance of spring plant density, 
harvest plant density, plant mortality, final plant height, seed yield, and seed mass from a 
field study in Iowa during 2007 and 2008. 
Main effects 
Spring 
plant 
density 
Harvest 
plant 
density Mortality†
Final 
plant 
height Seed yield Seed mass
Location (L) NS‡ NS NS NS NS NS 
Tillage system (S) NS† NS NS * NS NS 
     L × S NS§ NS NS NS NS NS 
Seeding rate (R) ***§ *** *** *** *** *** 
     L × R NS§ NS NS NS ** NS 
     S × R NS§ NS NS NS NS NS 
     L × S × R NS§ NS NS NS NS NS 
Seed treatment (T) NS§ NS NS NS NS NS 
     L × T NS§ NS NS NS NS NS 
     S × T NS§ NS NS NS NS NS 
     L × S × T NS§ NS NS NS NS NS 
     R × T NS§ NS NS NS NS NS 
     L × R × T NS§ NS NS NS NS NS 
     S × R × T NS§ NS NS NS NS NS 
     L × S × R × T NS§ NS NS NS NS NS 
† Mortality = (spring plant density – harvest plant density) / spring plant density*100. 
‡ NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001. 
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Table 4. Significance of F-values from the 
analysis of variance of seed yield by location 
from a field study in Iowa during 2007 and 2008. 
 Seed yield 
Main effects Linn Grove Humboldt 
Tillage (S) NS† NS 
Seeding rate (R) NS† *** 
     S × R NS† NS 
Seed treatment (T) NS† NS 
     S × T NS† NS 
     R × T NS† NS 
     S × R × T NS† NS 
   
Contrasts   
     Linear NS† *** 
     Quadratic NS† NS 
     Cubic NS† NS 
† NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001. 
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Table 5. Regression equations, predicted maximum soybean yield and seeding rate, and predicted yields for four seeding rates at 
two Iowa locations, 2007 to 2008. 
   Predicted yield 
 Polynomial regression†  Seeding rate, seeds ha-1 
Location Y = A +B(P) + C(P2) R2 185 000 309 000 432 000 556 000
Max. 
yield
Max. 
yield 
rate 
Rate at 
95% of 
Max. yield
 A B C  ───────── kg ha-1 ───────── ── seeds ha-1 ─── 
Humboldt 3657 3.47 × 10-3 -3.28 × 10-9 0.99 4196 4443 4596 4659 4692 578 000 316 500 
† Y = soybean yield in kg ha-1; P = seeding rate in seeds ha-1.
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Table 6. Main effect means for plant establishment and harvest plant density from a field study in Iowa during 
2007 and 2008. 
Main effects 
Spring plant 
density 
Harvest plant 
density Mortality†
Final plant 
height Seed yield Seed mass 
Location (L) Plants ha-1 Plants ha-1 % cm kg ha-1 g 100 seeds-1 
     Linn Grove 323 700a‡ 283 800a -06.2a0 104a 4205aa 15.4a 
     Humboldt 328 600a† 293 400a -03.4a0 103a 4432aa 15.4a 
       
Tillage (S)       
     Conventional 323 900a‡ 292 000a -04.3a0 106a 4371aa 15.6a 
     No-Tillage 328 400a† 285 200a -05.3a0 102b 4265aa 15.3a 
       
Seed treatment (T)§       
     Control 325 100a† 283 900a -07.1a0 104a 4293aa 15.3a 
     Mef.¶ 319 600a† 291 300a -04.1a0 104a 4291aa 15.4a 
     Mef. + flud. 330 700a† 290 000a -08.4a0 104a 4332aa 15.5a 
     Mef. + flud. + thia. 329 000a† 289 300a -06.6a0 104a 4358aa 15.6a 
       
Seeding rate (R)#       
     185 000 180 000da 187 100d 0-4.5c0 101b 4176ca 15.0d 
     309 000 276 800c† 259 800c -01.3bc 104a 4333ba 15.3c 
     432 000 378 000ba 328 900b -08.2ab 105a 4373ab 15.5b 
     556 000 470 000a† 378 600a -14.4a0 105a 4391aa 15.8a 
† Mortality = (spring plant density – harvest plant density) / spring plant density*100. 
‡ Values followed by the same letter not different at P ≤ 0.05. 
§ Mef. = mefenoxam, flud. = fludioxonil, thia. = thiamethoxam. 
¶ Mefenoxam applied at a greater rate [15 g a.i. per 100 kg seed] than the other seed treatments with 
mefenoxam [3.75 g a.i. per 100 kg seed]. 
# Field plant densities may be greater because seeding rates are based on viable seeds ha-1.
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CHAPTER 5. SOYBEAN GROWTH RESPONSE TO THIAMETHOXAM, 
TILLAGE, AND WATER STRESS 
 
An article to be submitted to Crop Science 
Joseph J. Osenga and Palle Pedersen 
 
Abstract 
Thiamethoxam [4H-1,3,5-oxadiazin-4-imine, 3-[(2-chloro-5-thiazolyl) methyl] 
tetrahydro-5-methyl-N-nitro] is a neonicotinoid insecticide that has been described as 
enhancing early soybean (Glycine max L.) growth. This study was conducted to (i) 
characterize the effect of thiamethoxam on soybean growth and development, (ii) evaluate 
this growth promoting effect in no-tillage, and (iii) examine soybean growth and 
development changes with thiamethoxam under differing degrees of water deficit in a 
greenhouse environment. Field studies were conducted at two locations in 2007 and 2008 
with two cultivars using no-tillage and a conventional tillage. Seed treatments were an 
untreated control, fungicide, and fungicide + thiamethoxam. The same treatments and 
cultivars were used in three runs of a greenhouse study under three levels of water deficit. 
Across four site-years of field study and three runs of a greenhouse study, we have not 
observed any effect on growth or development from thiamethoxam seed treatment. 
Thiamethoxam was not able to counteract slow early-season growth associated with no-
tillage production. In greenhouse study, thiamethoxam did not affect soybean growth and 
development under various levels of water stress. It was concluded that there is no evidence 
that the appearance of enhanced early-season growth from thiamethoxam is influenced by 
tillage or water stress under the conditions present in our studies. 
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Abbreviations: CGR, crop growth rate between R1 and R5.5; TDM, total dry matter; LDM, 
leaf dry matter; SDM, stem total dry matter; RSWC, relative soil water content 
Introduction 
Conservation tillage systems such as no-tillage, in general, offer advantages over 
conventional tillage systems in soil and water conservation (Seta, et al., 1993) and reducing 
requirements for labor and energy (Yin and Al-Kaisi, 2004). It has been demonstrated that 
soybean yields can be maintained or even increased with no-tillage production systems in 
well-drained soils (Elmore, 1987; 1990; Pedersen and Lauer, 2003a; 2003b; Yin and Al-
Kaisi, 2004). Yin and Al-Kaisi (2004) concluded that no-tillage soybean yield was usually 
within 5% of other tillage systems on well-drained soils, but generally had equal or greater 
economic return. Despite the potential benefits, adoption of no-tillage practices in soybean 
has been slow in Iowa. Close to 4 million hectares of soybean were planted in Iowa in 2008, 
with only about 30% being planted with no-tillage practices (National Agricultural Statistics 
Service, 2008). This is mainly due to perceived problems with cool, wet springs in addition 
to poorly drained fields in part of the state (Steinwand and Fenton, 1995). 
Early planting is important to maximize soybean yield potential mainly due to a 
longer vegetative period and increased biomass accumulation and node production prior to 
flowering (Pedersen and Lauer, 2003b). However, planting earlier represents a challenge in 
no-tillage systems because crop residue left on the surface causes cooler, wetter soils than in 
conventional tillage systems (Fortin, 1993). These conditions result in slower soybean 
germination, emergence, and early growth, but does not necessarily affect seed yield (Yusuf 
et al., 1999), unless plant densities are decreased to the point in which soybean’s ability to 
compensate by producing branches is overcome (Carpenter and Board, 1997). Yusuf et al. 
(1999) found that soybean plants grown in a no-tillage system were visually smaller and 
produced less biomass early in the season compared with a moldboard-plow system, but that 
compensatory growth occurred under no-tillage, causing the difference in growth to equalize 
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by R6 (Fehr and Caviness, 1977). Despite the early season development difference, soybeans 
grown in no-tillage produced a similar yield to the moldboard-plow system (Yusuf et al., 
1999).  
Thiamethoxam is a systemic insecticide in the neonicotinoid class (Maienfisch et al., 
2001). In soybean production, thiamethoxam is used to manage arthropod pests such as 
overwintering bean leaf beetles (Cerotoma trifurcate Forster) and is applied in conjunction 
with a fungicide as a seed treatment. Early planted soybean experience greater exposure to 
overwintering bean leaf beetles because beetles are attracted to the earliest emerging soybean 
plants (Lam et al., 2001; Pedigo and Zeiss, 1996). Thiamethoxam has been patented as 
causing physiological improvements in crop growth in the absence of insect pressure (Senn 
et al., 2002). Among other listed effects, agronomic benefits include early germination and 
emergence, a larger root system, lower fertilizer requirement, earlier flowering, and increased 
shoot growth, seed yield, and seed protein content (Senn et al., 2002). This is not without 
precedent, as there have been some instances of benefits from insecticides being attributed to 
a physiological response of the plants to the insecticide (Apple, 1971; Hauser et al., 1977; 
Perring and Farrar, 1993; Pless et al., 1971; Thompson and Harvey, 1980). However, Wilde 
et al. (2000) found that there was no yield benefit for wheat from thiamethoxam under low or 
non-existent pest pressure. In addition, Horii et al. (2007) found no difference in germination 
percentage, shoot height, and shoot weight in germination studies with thiamethoxam on pea, 
soybean, and corn. 
Because enhanced growth from thiamethoxam has been inconsistently observed in the 
field, it is speculated that effects are more consistent under stress caused by water deficit, 
heat, ultraviolet light, acidic pH, or nutrient deficiency. We hypothesize that the use of seed 
treatment with thiamethoxam could counteract slow early-season growth and development of 
soybean under no-tillage practices. Furthermore, the inconsistent appearance of this growth 
regulating effect in the field may be due to lack of a stress, such as water stress. Therefore, 
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our objectives were to (i) characterize the effect of thiamethoxam on soybean growth and 
development, (ii) evaluate this growth promoting effect in no-tillage conditions, and (iii) 
examine soybean growth and development changes with thiamethoxam under differing 
degrees of water deficit in a greenhouse environment. 
Materials and Methods 
Field study 
Field studies were conducted at Hudson and Nevada, IA during 2007 and Linn Grove 
and Humboldt, IA during 2008. The previous crop was corn (Zea mays L.) at all sites. Soil 
characteristics, soil fertility levels, and planting dates are listed in Table 1. The experimental 
design was a randomized complete block in a split-plot arrangement with four replications. 
Whole plots were tillage treatments while sub-plots were the combination of five seed 
treatments and two cultivars. Tillage treatments consisted of a conventional fall chisel-plow 
system with two field cultivations in the spring and a no-tillage system in which seed was 
planted directly into undisturbed corn residue. Seed treatments included an untreated control, 
mefenoxam {(R,S)-2-[(2,6-dimethylphenyl)-methoxyacetylamino]-propionic acid methyl 
ester} applied at 3.75 g a.i. per 100 kg seed + fludioxonil [4-(2,2-difluoro-1,3-benzodioxol-4-
yl)-1H-pyrrole-3-carbonitrile] applied at 2.5 g a.i. per 100 kg seed, and the same rates of 
mefenoxam and fludioxonil + thiamethoxam applied at 50 g a.i. per 100 kg seed. Soybean 
cultivars AG2802 (Monsanto Company, St. Louis, MO) and S-2932-4 (Stine Seed Company, 
Adel, IA) were used. Both cultivars have PI88788 soybean cyst nematode (Heterodera 
glycines Ichinohe) resistance. 
Seeds were planted at a depth of 4 cm at 432,000 seeds ha-1 in 38-cm rows with a 
Kinze 3000 no-tillage planter (Kinze Manufacturing Inc., Williamsburg, IA). The planter was 
equipped with a notched coulter positioned directly in front of the seed disc openers and unit-
mounted, notched-disc row cleaners. Seeds were inoculated with Bradyrhizobium japonicum 
(EMD Crop BioScience, Brookfield, WI). To negate a treatment response due to avoiding 
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insect damage, the insecticide lambda-cyhalothrin [[1a(S*),3a(Z)]-(±)-cyano-(3-
phenoxyphenyl) methyl-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-
Dimethylcyclopropanecarboxylate] was sprayed weekly at a rate of 26 g a.i. ha-1 to all plots 
after planting in 2007 until populations of overwintering bean leaf beetles declined. Plots 
were not sprayed in 2008, because populations of overwintering bean leaf beetles were 
negligible.  
In 2007, weeds were managed with a pre-emergent application of glyphosate (N-
(phosphonomethyl) glycine) applied at 868 g a.e. ha-1, S-metolachlor [2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methyl-ethyl) acetamide] applied at 1.1 kg a.i. ha-1, and 
metribuzin (4-amino-6-[1,1-dimethylethyl]-3-[methylthio]-1,2,4-triazin-5[4H]-one) applied 
at 260 g a.i. ha-1. In 2008, a pre-emergent application of glyphosate applied at 868 g a.e. ha-1, 
S-metolachlor applied at 5.4 kg a.i. ha-1, and fomesafen [5-[2-chloro-4-(trifluoromethyl) 
phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide] applied at 413 g a.i. ha-1 was used. The 
same rate of glyphosate was applied twice post-emergence for all site-years with fluazifop-p-
butyl [butyl(R)-2-[4-[[S-(trifluoromethyl)-2-pyridinyl] oxy] phenoxy] propanoate] applied at 
130 g a.i. ha-1, and fenoxyprop-p-ethyl [(+)-ethyl-2-[4-[6-(chloro-2-benzoxazolyl) oxy] 
phenoxy] propanoate] applied at 39 g a.i. ha-1 to manage volunteer corn. Since soybean 
aphids (Aphis glycines Matsumura) were abundant in both years, the insecticide Lambda-
cyhalothrin was applied at 26 g a.i. ha-1 as needed. 
Plots were 2.7 m wide and 12.2 m long. Half of each plot was used for recording 
agronomic data, while the other half was used to collect biomass. Sections of 0.76 m2 were 
hand harvested to collect biomass data. Sampling plots were over-seeded and thinned down 
to 370,000 plants ha-1 at VC to obtain uniform stands in the sampling areas. Biomass samples 
were collected weekly between VC and R1, encompassing five sampling dates. In 2008, 
samples were also taken at R5.5 to allow the calculation of CGR between R1 and R5.5 
according to Board (2000). Three random plants were selected from the hand-harvested 
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section for measuring main-stem node number, developmental stage, and plant height 
according to Pedersen and Lauer (2004). The same three plants were split into leaf, stem, and 
pod portions, dried at 60°C, and weighed to determine leaf dry matter (LDM) and stem dry 
matter (SDM) accumulation (Pedersen and Lauer, 2004).  
Agronomic data taken included seed yield, spring and harvest plant density, plant 
height, lodging, seed size, and seed number. Seed yield was determined with an Almaco plot 
combine (Almaco, Nevada, IA) and adjusted to moisture content of 130 g kg-1. Spring and 
harvest plant densities were determined in June and October, respectively, by counting plants 
in a 1.52 m2 area and converting to plants ha-1. Seed size was measured by weighing 300 
seeds and dividing by three to present the data based on 100 seeds. Seed number m-2 was 
calculated according to Board and Modali (2005). 
Weather data were downloaded from the Iowa Environmental Mesonet (2008), based 
on locations near the four research sites. Soil samples were collected for soil fertility levels in 
each tillage system and tested at the Iowa State University soil analysis laboratory. Soil 
samples were also collected and tested for soybean cyst nematode at the Iowa State 
University Nematology Laboratory following the protocol outlined by Tabor et al. (2003). 
Greenhouse study 
The experimental design was a randomized complete block design in a split-plot 
arrangement with four replications. The study was conducted three times. Whole plots were 
water regimes while the split plots were the combination of seed treatments, cultivars, and 
sampling dates. Seed treatments and cultivars used were the same as in the field study. 
A blend of ¾ Fafard custom mix (Conrad Fafard Inc., Agawam, MA) and ¼ perlite was used 
as potting media, consisting of a mixture of perlite, vermiculite, and peat. Plants were grown 
in sterile 15-cm plastic pots with two seeds planted per pot and thinned to a single seedling 
upon emergence. Media was dried for one week at 60°C to be sure each pot contained the 
same amount of media, and 200 g was added to each pot. Pots were watered back to a 
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specific pot weight for one of three water regimes on a daily basis (Earl, 2003; Gutierrez-
Boem and Thomas, 2001; Ray and Sinclair, 1998). Target weights for each water regime 
were a percentage of RSWC (Earl, 2003). At planting, pots were watered to saturation and 
allowed to drain overnight. The average weight recorded the subsequent morning was 
considered the pot capacity weight, and represents the amount of water that can be held 
against gravity (Earl, 2003; Gutierrez-Boem and Thomas, 2001; Ray and Sinclair, 1998). 
RSWC was then calculated by subtracting the 200 g of dry media added to each pot from the 
weight of media at pot capacity (Earl, 2003). Water regimes consisted of a well-watered 
control (75% RSWC), a moderate moisture stress (50% RSWC), and a severe moisture stress 
(25% RSWC). Four unplanted pots for each water regime were used to account for 
evaporation. Amount of water added to pots each day minus evaporation recorded from 
unplanted pots equals plant transpiration (Gutiérrez-Boem and Thomas, 2001). Artificial 
lighting was used to maintain a 14/10 h day/night photoperiod. A nutrient solution (15-5-15) 
was applied evenly at planting to meet nutrient requirements for all pots. Seeds were 
inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, Milwaukee, WI).  
Plant samples were collected at the V1, V2, and V3 growth stages. At each sampling, 
the above-ground portion of the plant was cut at soil level and leaves were separated from the 
stem. Dry biomass was obtained by oven-drying the samples at 60°C. Leaf area was 
determined using a LI 3100 (LI-COR, Lincoln, NE) area meter at sampling to maintain as 
much leaf turgor as possible. The ratio of leaf area to leaf dry biomass was calculated to 
obtain specific leaf area, which is a measure of leaf thickness (Yusuf et al., 1999). Root 
samples were obtained by inverting pots to remove roots from pots, rinsing them with water, 
and placing them into plastic containers. A 20% ethanol solution was added to containers to 
preserve root samples. Root samples were scanned with an Epson Perfection 4870 flatbed 
scanner (Reagent instruments Inc., Quebec, QC, Canada) for digital image analysis using 
WinRhizo software ver. 2004a (Reagent Instruments Inc., Quebec, QC, Canada). Root 
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measurements include total root length, surface area, volume, and length according to root 
diameter grouped using the classification from Böhm (1979): very fine (< 0.5 mm), fine (0.5-
2 mm), and small (2-5 mm). After analysis, roots were dried at 60°C and weighed to 
determine root biomass. The root biomass was compared to the total aboveground biomass to 
obtain the root to shoot ratio.  
Data Analysis 
Field data were subjected to an analysis of variance with the PROC Mixed procedure 
of SAS version 9.1 (SAS Inst., 2003). Site-year and replication were considered random 
effects, while tillage, cultivar, and seed treatment were considered fixed effects. Samples 
collected during the season were analyzed as sub-plots with sampling date as a fixed effect 
(Gomez and Gomez, 1984). Before analysis, TDM, LDM, SDM, and plant height were found 
to have heterogeneous variance due to sampling date and were transformed to their natural 
logarithms. Mean comparisons were made using Fisher’s protected LSD test (P ≤ 0.05). 
When seed treatment or interactions involving seed treatment were significant, contrasts were 
used to determine if thiamethoxam was different from the control and fungicide components. 
Greenhouse data were subjected to an analysis of variance with the PROC MIXED 
procedure of SAS version 9.1 (SAS Inst., 2003). Run and replication were considered 
random effects, whereas water regime, cultivar, and seed treatment were considered fixed 
effects. Sampling stage was considered a fixed effect and analyzed as a sub-plot factor 
(Gomez and Gomez, 1984). All response variables except development and transpiration 
were found to have heterogeneous variance due to sampling stage and were transformed 
using their natural logarithms. Mean comparisons were made using Fisher’s protected LSD 
test (P ≤ 0.05).  
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Results 
Field study 
All site-years had greater rainfall in May than the 30-yr average except Hudson, 
which was near the thirty-year average (Table 2). The average monthly rainfall at all site-
years from May to August was above the 30-yr average (Table 2). Average monthly air 
temperatures from May to August were above the 30-yr average for 2007 site-years, but 
below the 30-yr average for 2008 site-years.  
No interactions existed between tillage, cultivars, or seed treatments for spring or 
harvest plant densities, final plant height, CGR between R1 and R5.5, seed yield, seed size, 
or seed number (Table 3). No differences were observed between seed treatments for any of 
these factors (Table 3). Tillage treatments had similar spring plant densities, final plant 
height, CGR, seed yield, and seed number (Table 3). No-tillage had 5500 more plants ha-1 at 
harvest and a 0.2 g 100 seed-1 smaller seed mass than conventional tillage (Table 3). 
Cultivars had similar spring and harvest plant densities and CGR, but AG2802 was 10 cm 
taller than S-2932-4 (Table 3). AG2802 had 203 kg ha-1 greater yield, 1.1 g 100 seed-1 more 
seed mass, and 112 less seeds m-2 than S-2932-4. 
There were no interactions involving seed treatment for TDM, LDM, SDM, plant 
height, or main-stem node number during the vegetative period (Table 4). Sampling date by 
tillage interactions existed for plant height and main-stem node number (Table 4). 
Conventional tillage attained a greater plant height than no-tillage at R1 and a week before 
R1 (Table 5). Conventional tillage also produced more main-stem nodes plant-1 than no-
tillage from VC to R1 (Table 4), which was driven by differences at week 2, 4, and 5 (Table 
5). AG2802 produced greater TDM and plant height than S-2932-4 from VC to R1, and an 
interaction between cultivars and sampling dates was identified for plant height (Table 4). 
AG2802 produced greater TDM and plant height than S-2932-4 one week before R1, and 
greater plant height at R1 (Table 6). 
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Greenhouse study 
There were no interactions involving seed treatment (Tables 7 and 8). Seed treatments 
resulted in similar soybean development and transpiration to the untreated control (Table 7). 
The main effect of seed treatment did not affect dry matter accumulation, leaf area, specific 
leaf area, root to shoot ratio, root length, root surface area, or root volume (Table 8).  
Water regimes or its interaction with sampling date affected soybean development 
and transpiration (Table 7), LDM, leaf area, and specific leaf area (Table 8). Decreasing the 
RSWC from 75% to 50% and from 50% to 25% delayed plant development at V2 and V3 
(Table 7) and decreased the amount of leaf area at each stage, although 75% and 50% had 
similar LDM at V2 (Table 9). Plants as 75% RSWC always had greater LDM than plants at 
25% RSWC, with plants at 50% RSWC resulting in an intermediate LDM (Table 9). 
Transpiration was reduced at 25% RSWC from V1 to V3 (Table 7). The sampling date by 
water regime interaction for specific leaf area revealed that leaf thickness was similar at V1 
but was differentiated at V3, with the thinnest leaves at the well-watered 75% RSWC and 
thickest at the stressed 25% RSWC (Table 9).  
There were no interactions between cultivars and seed treatments or water regimes, 
except for an interaction between water regimes and cultivars at V1 (Table 7). In this 
interaction, AG2802 reached V1 0.3 days faster than S-2932-4 in the 50% RSWC, but had 
similar development in the other water regimes. AG2802 had faster emergence and reached 
VC quicker than S-2932-4, but reached subsequent growth stages slower than S-2932-4 
(Table 7). Cultivars did not differ in transpiration (Table 7). Cultivars or their interaction 
with sampling stage affected LDM, leaf area, root to shoot ratio, root length, root surface 
area, and root volume (Table 8). AG2802 consistently had greater root length, surface area, 
and volume than S-2932-4 at each growth stage (Table 10). AG2802 had greater root to shoot 
ratio and specific leaf area at V1 (Table 10). S-2932-4 had a greater LDM at V3 (Table 10). 
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Discussion 
 In field and greenhouse study, we have not observed any effects from thiamethoxam 
seed treatment that were different from either the untreated control or fungicide seed 
treatment. Seed treatment with thiamethoxam was not found to affect seed yield under low or 
non-existent insect pressure during the vegetative period (Table 3), which is consistent with 
findings by Wilde et al. (2000) on wheat. No differences in dry matter accumulation were 
found for thiamethoxam in greenhouse conditions (Table 8), which is in agreement with 
Horii et al. (2007). No differences were observed between seed treatments to support faster 
emergence or plant development (Table 7). The lack of differences in root characteristics 
between seed treatments (Table 8) does not support a more developed root system conferred 
by thiamethoxam.  
 Despite above-average May rainfall in 3 of 4 site-years and colder mean air 
temperatures in 2008 site-years (Table 2), tillage treatments produced similar seed yields 
(Table 3). This agrees with findings from many studies (Elmore, 1987; 1990; Pedersen and 
Lauer, 2003a; 2003b; Yin and Al-Kaisi, 2004). Although no-tillage was found to decrease 
plant height and main-stem node number at various sampling dates (Table 5), TDM during 
the vegetative period was not different between tillage treatments at the P = 0.05 level (Table 
4). This is a result of decreased statistical power from using tillage as a whole-plot factor. 
However, TDM was significantly greater for conventional tillage at the P = 0.1 level. This 
trend is in agreement with the findings of Yusuf et al. (1999). Lack of significant interactions 
between tillage and seed treatments for all variables indicates that thiamethoxam did not 
improve growth under no-tillage conditions compared to conventional tillage. 
 As expected, allowing pots to dry down to 50% and 25% RSWC generally resulted in 
slower plant development and decreased transpiration (Table 7), and thicker leaves, 
decreased leaf area, and decreased LDM  by V3 (Table 9). These responses to water stress 
are consistent with findings from other studies (Gutiérrez-Boem and Thomas, 2001; Muchow 
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et al., 1986; Read and Bartlett, 1972). Soybean roots typically respond to water deficit by 
increasing root length (Hoogenboom et al., 1987) and shifting the root to shoot ratio in favor 
of root growth (Read and Bartlett, 1972). However, our study found no difference between 
water regimes for the root to shoot ratio and no effect on root length (Table 8). This is likely 
because water stress was applied to plants during the early vegetative stages. Root 
development in this study was in stage I according to Mitchell and Russell (1971), 
characterized by rapid growth of the taproot and shallow horizontal lateral roots during the 
vegetative period. Our study showed a reduction in taproot growth (small diameter) by V3 at 
both water stress levels compared to the 75% RSWC and reduced lateral root growth (fine 
diameter) in plants at 25% RSWC by V3. Lack of significance of the interactions between 
seed treatments and water regimes for all response variables indicate that thiamethoxam did 
not provide any growth benefit under water-stressed conditions. 
Conclusion 
 To our knowledge, this is the first published study to examine potential enhancements 
to soybean growth and development from thiamethoxam seed treatment. Across four site-
years of field study and three runs of a greenhouse study, we have not observed any effects 
from thiamethoxam seed treatment that differed from either the untreated control or fungicide 
seed treatment. Thiamethoxam was not able to counteract slow early-season growth 
associated with no-tillage production. In greenhouse study, soybean growth and development 
under different levels of water stress was not affected by thiamethoxam. It was concluded 
that there is no evidence that the appearance of enhanced early-season growth from 
thiamethoxam is influenced by tillage or water stress under the conditions present in our 
studies. Further research is needed to characterize potential growth enhancing effects under 
heat, ultraviolet light, acidic pH, and nutrient deficiency. 
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Table 1. Soil characteristics and planting dates for locations where field studies were conducted in 2007 and 2008. 
 2007 2008 
Characteristic Hudson Nevada Linn Grove Humboldt 
     Planting date 2 May 17 May 1 May 14 May 
     Soil series Dinsdale silty clay 
loam 
Webster clay loam Gillett Grove silty 
clay loam 
Webster silty clay 
loam 
     Soil family Fine-silty, Mixed, 
Mesic Typic 
Argiudolls 
Fine-loamy, 
Mixed, Mesic 
Typic Endoaquolls 
Fine-silty, Mixed, 
Mesic Typic 
Endoaquolls 
Fine-loamy, 
Mixed, Mesic 
Typic Endoaquolls 
     SCN (eggs/100 cc soil)† 0 300 600 1000 
Soil fertility NT‡ CT NT CT NT CT NT CT 
     pH 6.25 6.55 6.95 7.25 6.50 6.40 7.00 6.55 
     P (mg kg-1) 6 16 60 49 31 25 257 243 
     K (mg kg-1) 119 186 245 241 313 243 349 339 
     Organic matter (g kg-1) 38 41 52 48 61 58 55 54 
† Initial count prior to planting in the spring. 
‡ NT = no-tillage; CT = conventional tillage. 
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Table 2. Monthly mean air temperature and rainfall for four site-years 
where field studies were conducted. Deviations from the 30-yr 
average are reported in parentheses. 
   May Seasonal average‡ 
Year Location 
Air 
temperature Rainfall 
Air 
temperature Rainfall 
  °C mm °C mm 
2007 Hudson 17.8 (2.8)† 117 (3)0 21.1 (1.2)- 172 (58)
2007 Nevada 18.9 (2.2)† 169 (55) 22.2 (2.2)- 124 (25)
2008 Linn Grove 14.4 (-1.2) 151 (56) 19.7 (-1.3) 116 (52)
2008 Humboldt 13.3 (-2.3) 152 (46) 19.4 (-2.4) 132 (77)
† Thirty-year averages based on Iowa State University Mesonet 
locations near the four research sites.  
‡ Monthly average from May to August. 
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Table 3. Main effect means for early plant density, late plant density, final plant height, crop growth rate, seed yield, seed 
mass, seed number, and seed protein content from a field study across four site-years. 
Main Effect 
Spring plant 
density 
Harvest plant 
density 
Final plant 
height 
Crop growth 
rate† Seed yield Seed mass Seed number
Tillage system (S) ── Plants ha-1 ── cm g m-2 day-1 kg ha-1 g 100 seed-1 Seeds m-2 
     Conventional 345 800a‡ 298 400b 104a 12.84a 4918a 15.4a 3076a 
     No-tillage 344 200a† 303 900a 102a 12.20a 4881a 15.2b 3066a 
        
Cultivar (C)        
     AG2802 354 000a 298 300a 108a 12.83a 5001a 15.9a 3015b 
     S-2932-4 336 000a 304 000a 098b 12.41a 4798b 14.8b 3127a 
        
Seed treatment (T)§        
     Control 335 000a† 292 100a 102a 12.73a 4896a 15.2a 3112a 
     Mef. + flud. 344 100a† 301 200a 103a 12.30a 4876a 15.3a 3046a 
     Mef. + flud. + thia. 356 000a† 310 200a 104a 12.90a 4927a 15.5a 3056a 
        
Anova        
     S × C NS¶‡ NS NS NS NS NS NS 
     S × T NS¶‡ NS NS NS NS NS NS 
     V × T NS¶‡ NS NS NS NS NS NS 
     S × V × T NS¶‡ NS NS NS NS NS NS 
† Crop growth rate measured from R1 to R5.5 in 2008. 
‡ Values followed by the same letter not different at P ≤ 0.05 in each column. 
§ Mef. = mefenoxam, flud. = fludioxonil, thia. = thiamethoxam. 
¶ NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001. 
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Table 4. Main effect means for total aboveground dry matter accumulation 
(TDM), leaf dry matter accumulation (LDM), stem dry matter accumulation 
(SDM), plant height, and main-stem node number sampled weekly from VC 
to R1 for a total of five sampling dates. Data was collected from a field study 
across four site-years. 
Main effects TDM LDM SDM 
Plant 
height 
 Main-stem 
node number 
Tillage system (S) NS† NS NS NS * 
Cultivar (C) **§ NS NS *** NS 
     S × C NS§ NS NS NS NS 
Seed treatment (T) NS§ NS NS NS NS 
     S × T NS§ NS NS NS NS 
     C × T NS§ NS NS NS NS 
     S × C × T NS§ NS NS NS NS 
Sampling Date (D) ***§ *** *** *** *** 
     S × D NS§ NS NS ** ** 
     C × D NS§ NS NS *** NS 
     S × C × D NS§ NS NS NS NS 
     T × D NS§ NS NS NS NS 
     S × T × D NS§ NS NS NS NS 
     C × T × D NS§ NS NS NS NS 
     S × C × T × D NS§ NS NS NS NS 
† NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001. 
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Table 5. Means from the interaction of tillage system and sampling date 
across four site-years of a field study for plant height and main-stem 
node number sampled weekly starting at the unifoliate growth stage.  
 Weeks 
Tillage System 1 2 3 4 5 
Plant height ────────── cm ────────── 
     Conventional 4.0a† 6.4a 8.6a 12.1a 17.9a 
     No-tillage 4.1a† 6.2a 7.9a 10.5b 15.7b 
      
Main-stem node number ─────── nodes plant-1 ─────── 
     Conventional 1.1a† 2.3a 3.5a 5.1a 7.1a 
     No-tillage 1.1a† 1.9b 3.2a 4.7b 6.5b 
† Values followed by the same letter not different at P ≤ 0.05 in each 
column. 
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Table 6. Means from the interaction of cultivar and sampling 
date across four site-years of a field study for total dry matter 
accumulation (TDM) and plant height sampled weekly 
starting at the unifoliate growth stage.  
 Weeks 
Cultivar 1 2 3 4 5 
TDM ───────── g m-2 ───────── 
     AG2802 5.3a† 9.2a 15.9a 29.3a 63.6a 
     S-2932-4 4.8a† 8.7a 15.4a 26.4b 59.6a 
      
Plant height ────────── cm ────────── 
     AG2802 4.0a† 6.3a 8.3a 11.8a 18.2a 
     S-2932-4 4.1a† 6.3a 8.1a 10.7b 15.4b 
† Values followed by the same letter not different at P ≤ 0.05 
in each column. 
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Table 7. Main effect means for soybean development and transpiration across three runs 
of a greenhouse study. 
 Development†  Transpiration‡ 
Main effects Emergence VC V1 V2 V3  V1-V2 V2-V3
Water regime (W)§ ──── Days after planting ────  ─── g ─── 
     75% RSWC 5.4a¶ 9.8a 15.0a 21.3b 26.5c  74.7a 106.6a 
     50% RSWC 5.4a† 9.7a 15.4a 22.4b 29.0b  70.6a 102.1a 
     25% RSWC 5.5a† 9.7a 16.0a 25.3a 33.2a  50.0b 061.2b
         
Cultivar (C)         
     AG2802 5.6a† 9.9a 15.3b 22.8b 29.1b  68.6a 092.7a 
     S-2932-4 5.3b† 9.6b 15.5a 23.2a 30.0a  61.6a 087.2a 
         
Seed treatment (T)#         
     Control 5.4a† 9.8a 15.5a 22.8a 29.8a  63.6a 087.2a 
     Mef. + flud. 5.5a† 9.7a 15.4a 23.2a 29.5a  64.7a 094.9a 
     Mef. + flud. + thia. 5.4a† 9.7a 15.4a 23.0a 29.4a  66.9a 087.8a 
         
Anova         
     W × V NS†† NS * NS NS  NS 0NS 
     W × T NS†† NS NS NS NS  NS 0NS 
     V × T NS†† NS NS NS NS  NS 0NS 
     W × V × T NS†† NS NS NS NS  NS 0NS 
† Days after planting required to reach each growth stage. 
‡ Transpiration data was not included from run two due to inaccuracy of unplanted pots. 
§ Pots of 50% and 25% RSWC reached their target weights by VC and V1, respectively. 
¶ Values followed by the same letter not different at P ≤ 0.05 in each column. 
# Mef. = mefenoxam, flud. = fludioxonil, thia. = thiamethoxam. 
†† NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001.
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Table 8. Main effect means of dry matter accumulation, leaf area, specific leaf area, and root to shoot ratio across three 
runs of a greenhouse study. 
 Dry matter accumulation Leaf Specific 
Root 
to shoot Root 
Root 
surface Root 
Main effects Total Shoot Leaf Stem Root area leaf area ratio length area volume 
Water regime (W) NS† NS * NS NS ** * NS NS NS NS 
Cultivar (C) NS§ NS * NS NS NS ** * *** *** *** 
     W × C NS§ NS NS NS NS NS NS NS NS NS NS 
Seed treatment (T) NS§ NS NS NS NS NS NS NS NS NS NS 
     W × T NS§ NS NS NS NS NS NS NS NS NS NS 
     C × T NS§ NS NS NS NS NS NS NS NS NS NS 
     W × C × T NS§ NS NS NS NS NS NS NS NS NS NS 
Sampling stage (D) ***z *** *** *** *** *** *** *** *** *** *** 
     W × D NS§ NS NS NS NS NS ** NS NS NS NS 
     V × D NS§ NS NS NS NS NS NS NS NS ** *** 
     W × V × D NS§ NS NS NS NS NS NS NS NS NS NS 
     T × D NS§ NS NS NS NS NS NS NS NS NS NS 
     W × T × D NS§ NS NS NS NS NS NS NS NS NS NS 
     V × T × D NS§ NS NS NS NS NS NS NS NS NS NS 
     W × T × V × D NS§ NS NS NS NS NS NS NS NS NS NS 
† NS, not significantly different at P ≤ 0.05. 
* Indicates significance at P ≤ 0.05. 
** Indicates significance at P ≤ 0.01. 
*** Indicates significance at P ≤ 0.001. 
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Table 9. Means from the interaction of water 
regime and sampling stage for leaf dry matter 
accumulation (LDM), leaf area, and specific leaf 
area across three runs of a greenhouse study. 
 Growth stage 
Water regime V1 V2 V3 
LDM ────── g ────── 
     75% RSWC 0.083aa 0.177aa 0.307aa 
     50% RSWC 0.073ab 0.160ab 0.280ab 
     25% RSWC 0.066ba 0.142ba 0.249ba 
    
Leaf area ────── cm2 ────── 
     75% RSWC 30.2a 61.3a 102.5a 
     50% RSWC 26.7b 56.2a 086.3b 
     25% RSWC 23.3c 46.3b 069.9c 
    
Specific leaf area ───── cm2 g-1 ───── 
     75% RSWC 367a 347a 334a 
     50% RSWC 364a 351a 309b 
     25% RSWC 355a 327a 280c 
† Values followed by the same letter not different 
at P ≤ 0.05 in each column. 
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Table 10. Means from the interaction of cultivar and 
sampling stage for leaf dry matter accumulation 
(LDM), leaf area, and specific leaf area across three 
runs of a greenhouse study. 
 Growth stage 
Cultivar V1 V2 V3 
LDM ────── g ────── 
     AG2802 0.073a 0.157a 0.270b 
     S-2932-4 0.074a 0.162a 0.286a 
    
Specific leaf area ───── cm2 g-1 ───── 
     AG2802 373a 347a 310a 
     S-2932-4 352b 336a 304a 
    
Root to shoot ratio ───── root/shoot ─────
     AG2802 0.12a 0.23a 0.27a 
     S-2932-4 0.08b 0.21a 0.26a 
    
Root length ───── cm ───── 
     AG2802 319a 730a 1232a 
     S-2932-4 234b 567b 1052b 
    
Root surface area ───── cm2 ───── 
     AG2802 54a 101a 155a 
     S-2932-4 40b 081b 135b 
    
Root volume ───── cm3 ───── 
     AG2802 0.74a 1.13a 1.56a 
     S-2932-4 0.56b 0.92b 1.39b 
† Values followed by the same letter not different at 
P ≤ 0.05 in each column. 
